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Summary 

In view of the importance of accurate temperature control inside lithography systems, the thermal 
effects that occur in compressible gas flows passing through flow restrictions have been 
investigated. Two types of flow restrictions have been considered: orifices and capillaries. 

The theoretica! investigations include the following: 
In compressible orifice flow there is almost no possibility of heat exchange between the flow and 
its surroundings. Therefore the predominant thermal effect will be Joule-Thomson cooling. 
In a capillary flow the thermal energy balance is more complicated. In downstream direction the 
flow velocity increases due to compressibility. This leads to a temperature decrease. The 
maximum velocity increase occurs when the flow is choked. In that case the flow velocity has 
reached the value of the local velocity of sound. Then the pressure at the outlet of the duet has 
become directly proportional to the inlet pressure. The axial velocity and temperature distributions 
in a Fanno flow have been calculated. Due to viscous dissipation in the boundary layer at the 
wall, the gas temperature rises towards the wall. For fluids with Prandtl number unity, the gas 
temperature at the wall will equal the total temperature. However, for most gases the Prandtl 
number is not unity. In this case only part of the kinetic energy will be recovered in the 
temperature increase towards the wall. The resulting wall temperature is called the recovery 
temperature. The ratio of the trictional temperature increase at the wall to that due to isentropic 
compression is represented by a recovery factor. 
For a situation in which the ambient temperature around the capillary is equal to the upstream 
total temperature of the gas, the following limits are found: The minimum total temperature 
downstream of a capillary is found at adiabatic conditions. In that case the Joule-Thomson effect 
is the only thermal effect present. The maximum total temperature downstream corresponds to 
the condition of an isothermal wall. In that case, Joule-Thomson cooling caused by the pressure 
decrease up to the outlet of the capillary, is fully compensated and the total gas temperature is 
additionally raised by the difference between the isothermal wall temperature and the adiabatic 
recovery temperature of the gas. 

An experimental analysis of the problem was made to validate the theoretica! results. The 
experimental setup consisted in essence of an upstream settling chamber, a restriction and a 
downstream settling chamber. A pressure difference, imposed across the restriction, caused a 
nitrogen flow through the restriction. The local gas temperature in the two settling chambers and 
the pressure difference between the chambers were measured. 
The first experiments were done with tour capillaries of different geometries. These experiments 
showed a resemblance with the predicted temperature changes, but there were additional heat 
effects present that interfered with the temperature measurements. The following possible error 
sources have been considered: Conduction of heat trom the chamber wall to the temperature 
sensor through its lead wires, jet formation in the downstream settling chamber and conduction of 
heat trom the chamber wall, through the capillary wall to the gas flow. Temperature 
measurements of the capillary wall showed good consistency with the calculated axial 
temperature distributions. 
Experiments with three different orifices were consistent with the theory. Measured gas 
temperatures downstream of the orifices were just above the level of the Joule-Thomson effect. 
Experiments with upstream total gas temperatures different trom the ambient temperature, 
showed that heat exchange can be of great significance in capillary flows and is almost negligible 
in orifice flows. 
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1. lntroduction 

ASML 
ASML is widely known for manufacturing advanced lithography systems. These systems are 
essential in the fabrication of integrated circuits (IC's) , or chips . Lithography techniques are used 
to image a pattern of a microscopie integrated circuitry from a quartz plate, called reticle, on a 
wafer, which is a thin slice of semiconductor material , usually silicon. This reticle thus contains 
the 'master copy' of the circuitry that has to be manufactured on the semiconductor material. 
Figure 1.1 shows the lithography process in more detail. 

ph toresist layer 

semiconductor 
material 

laser illumination 

\ 

wafer 

. . 

Figure 1.1 Schematic view of the lithography process. 

A photoresist layer is deposited on a silicon circular wafer of about 30 cm in diameter, wh ich is 
polished to obtain an ultra-flat surface. The wafer is loaded in the lithography machine, where the 
photoresist layer is exposed toa pattern from a reticle by laser illum ination. The unexposed resist 
is then washed away, while the exposed resist remains, leaving the pattern on the water. 
Subsequently this whole process can be repeated several times to build a three-dimensional 
structure on the wate r. Finally each IC is cut out of the wafer and packaged separately in a plastic 
frame with connectors. 
The current approach in the development of lithography systems is to use a combination of 
shorter wavelengths and larger lenses to create increasingly smaller, more precise patterns. 
Today most machines can produce IC's with characteristic dimensions of about 130 nm , using a 
248 nm krypton fluoride laser. Because this trend of using increasingly shorter wavelengths will 
eventually reach a physical limit, several non-optica! technologies are under consideration to 
succeed optica! lithography. 

The Contamination and Temperature Control - System Analysis group 
The Contam ination and Temperature Control - System analysis group (C&T System Analysis) is 
part of the mechanica! development department at ASML. lt is responsible for all parts in the 
lithography systems that have to do with preventing contam ination (prevent part icles from 
entering the system , removing particles, and prevent chemica! contamination), and keeping the 
system at a stable homogeneous temperature (by providing temperature controlled water and air 
and by removing heated air) . 



During the lithography process imaging and positioning tolerances have to remain within 
approximately one-third of the characteristic dimensions to prevent so-called overlay in the 
produced IC structures. Since characteristic dimensions currently are about 130 nm, and 
continually becoming smaller, these tolerances are 40 nm or even less. When taking a look at 
some critica! parts of a lithography system it becomes clear, that even temperature differences in 
the order of millikelvins can result in positioning errors exceeding these tolerances. For instance a 
wafer's position is measured by an interferometer-system, before being exposed. Spatial 
temperature differences can lead to differences in the refractive index of the medium, in which the 
laser light of the interferometer propagates, changing the optica! path. This results in positioning 
errors. Also temperature differences in the lens-system for laser illumination may lead to 
aberrations, and thus spatial errors in imaging the reticle pattern. Measuring and controlling 
temperature stability in lithography systems therefore is a very important matter. 

This study 
Providing temperature-controlled air or nitrogen within strict requirements on temperature and 
pressure stability, asks for a good and fundamental understanding of thermal effects in the gas 
supply systems developed for this purpose. The nitrogen system, in which high pressure levels 
and high velocities occur, is a suitable system to investigate and understand these processes. A 
proposal fora thermal analysis of pressure reducing processes was made, which asked for 
• a theoretica! analysis of the subject; 
• the design of an experimental setup to verify the theoretica! analysis; 
• an experimental analysis, which should provide evidence of the theoretica! analysis. 
This report gives the results of the study on the subject mentioned above: 
In chapter 2 a theoretica! analysis is made of the thermal effects in the flow through a flow 
restriction. Subsequently, the following subjects are considered: 
• the Joule-Thomson effect, which describes the thermal effect at a pressure reduction in real 

gas flow; 
• the velocity and temperature distribution in an adiabatic pipe flow of a calorically perfect gas; 
• the recovery temperature, found at the wall in a cross-sectional temperature distribution; 
• finally, the boundaries of the consequential possible heat exchange are given, based on the 

case of adiabatic flow and on the case of an isothermal wall. 
• because all the thermal effects described are relatively small, the total effect is estimated as 

the sum of these effects 
Chapter 3 describes the experimental setup, which has been designed to verify in practica the 
thermal effects described in chapter 2. 
Chapter 4 gives the results of all experiments, and the first conclusions that can be drawn from 
these measurements. The experiments have been done on several flow restrictions: 4 capillaries 
and 3 orifices. In these measurements the applied pressure differences ranged from 1 to 4 bar. 
The corresponding mass flows ranged roughly from 1 to 40 l,/min 1. 

In chapter 5 the main conclusions that follow from this study are given, as well as 
recommendations for future research on the subject. 
On the whole, this study presents an overview of the thermal effects that may occur in 
compressible gas flows. In particular, the analysis was focused on turbulent compressible flows in 
capillary tubes, but several results are applicable on a wider scale. For instance, the Joule
Thomson effect will be encountered in every pressure reduction of a real gas (although at certain 
circumstances it will be very small, e.g. in Helium). Furthermore, the recovery factor, which 
depends on the Prandtl number of the flow, is used to define the local gas temperature at a wall 
(also known as the recovery temperature). This recovery effect is found in principle in every 
boundary layer in a gas flow. This means that this part of the theory can also be applied to 
boundary layers at the surface of temperature sensors or to boundary layers of a different scale 
(different dimensions of the walls, different magnitudes of mass flow, turbulent or laminar flow, 
etc.). 

1 A mass flow of 1 1,/min equals 1 1/min at p = p0 (= 1 atm.) and T = T0 (= 273 K), or an equal 
amount of mass per unit time, at a different mass density. 
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2. Thermal effects in compressible flows 

2.1. lntroduction to compressible flow 
In this chapter we will investigate the thermal effects that compressible flows in a flow restriction, 
in particular in a capillary tube. In the last section of this chapter a comparison will be made 
between a capillary and a critica! orifice restriction. 
In this first section we will describe the basics of compressible pipe flow. We will first consider the 
compressible, viscous flow in a pipe of constant cross section of a calorically perfect gas, i.e. an 
ideal gas with constant specific heat. From this we will eventually find a temperature distribution 
in an adiabatic pipe flow, on which an estimate of the heat exchange between the gas flow and its 
surroundings can be based. Besides that, the thermal effects due to real gas effects are 
accounted tor by the Joule-Thomson effect. This will be described in section 2.2. In section 2.5 
we will conclude that the total thermal effect is a superposition of the effects found tor a calorically 
perfect gas and the Joule-Thomson effect, due to the non-ideality of the gas. In section 2.5 we 
will make an estimate of the total thermal effect in compressible pipe flow. Because the two 
effects, mentioned betere, are relatively small, we will estimate the total effect as the sum of the 
two separate effects. 

To start this analysis of thermal effects in compressible flows, we will first describe the 
terminology as it will be used. Consider the pipe flow depicted in Figure 2.1. For reasons of 
symmetry, cylindrical coordinates will be used. 

Figure 2.1 Compressible flow in a capillary tube of constant cross-sectional area. 

At the left hand side there is a large reservoir trom which a gas enters the duet. In this reservoir 
the gas is at stagnant conditions: at a stagnation temperature Tor [K] and at a stagnation pressure 
Por [bar]. Typical values in this study are Tor= 295 K and Por= 1 to 5 bar. 
The inlet of the duet is referred to as position 1 in the picture and we use a subscript 1 tor all 
quantities at this position. Here the gas enters the duet with a certain mass flow m [kg/s], which 
is independent of the axial coordinate x in this flow. Going downstream, the pressure p(x) will 
decrease because of wall friction. Due to the compressibility of the gas, the mass density p(x) will 
then decrease and the flow velocity ü will increase in magnitude. 
At the outlet, position 2, the pressure p2 within the flow will either be equal to the ambient 
pressure Pa if the flow is still subsonic, or p2 will be equal to or larger than Pa in case the flow 
velocity has reached its maximum, the local velocity of sound c2. In that case we speak of 
"choked flow", a situation which will be described in section 2.3. 
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Our analysis of compressible pipe flow will be based on the integral conservation law of energy 
tor steady state flow, applied to a closed volume B bounded by a surface F (with a normal 
vector n facing outwards): 

fJp(o-n){Jv 2 +e)dF= fJ-(q-n)dF+ fJJp(g·D)di-+ fJ(f.o)dF. (2.1) 
F F B F 

In this equation we find the following variables: 
V: the magnitude of the velocity of the flow; 
e: the internal specific energy; 
p: the mass density; 
o : the velocity vector; 
q: the heat flux through the surface element dF; 
g: the volume force, acting on the volume element dr, e.g. gravity; 

f : the surface force, acting on the surface element dF. 
In the forthcoming analysis of compressible pipe flow we will concentrate on turbulent flow, 
because tor the typical conditions in this study all pipe flows will be turbulent (Reynolds numbers 
indicating turbulence can be found in Appendix B). In a turbulent pipe flow, the velocity 
distribution in a cross section of the duet attains quite a flat profile (a so-called slug-like profile), in 
contrast with the parabolic profile of laminar flow. Therefore, the velocity at the core of the flow 
does not deviate much trom the average velocity over the cross section. This tact gives reason to 
apply simplified averaging procedures to the fluxes of mass and energy in a cross section. 
Fora steady state, turbulent, compressible pipe flow, equation (2.1) can be simplified as follows: 
We assume that the flow is adiabatic, meaning there is no heat transport through the pipe wall. All 
volume forces (like gravity) are neglected. The system has no moving walls so no mechanica! 
work is done on the system. Therefore, the only surface force in the last right hand term will be 
the pressure p. The contribution of p to this term is combined with the left-hand term of (2.1 ). This 

combination can then be simplified by introducing the enthalpy h: h = e + E . lf the flow is 
p 

considered as pseudo-one-dimensional, which means that there are no significant radial and 
azimuthal velocity components, equation (2.1) can now be rewritten as 

! JJ pu(tu2 + h)dA = 0, (2.2) 
A 

in which A is the area of a single cross section of the duet and u is the x-component of ü. 
Equation (2.2) means that the integral enthalpy and kinetic energy flux going through a cross 
section of the duet is independent of the axial coordinate x. In other words, the value of the 
integrand in equation (2.2) averaged over a cross section A, must be constant: 

pu(tu2 + h)A =constant. (2.3) 

For a slug-like, turbulent velocity profile, we will now approximate (2.3) as follows: 

puA ( t u2 + h) =constant. (2.4) 

The factor puA is the average rate of mass flowing through the cross section A per unit time and 
this is constant, due to conservation of mass. In this way it follows that 

t u2 + h =constant. (2.5) 

This last equation is an exact consequence of the approximation made in (2.4). Now (2.5) will 
again be approximated and we find 

-2 -t u + h = h0 =constant. (2.6) 

This result states that in an adiabatic compressible pipe flow the "total enthalpy'' h0, as introduced 
in (2.6), is independent of x. This total enthalpy is the enthalpy that the flow would attain if it were 
brought to stagnant conditions by an isentropic deceleration. Such a flow of constant total 
enthalpy is called "homenergic" [OWC64]. Although equation (2.6) is the result of the 
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-- -3 
approximation f u3 = f u , it can already be seen directly trom the integral expression (2.2) that 

the flow averaged h0 
1 is independent of x. 

Fora calorically perfect gas, i.e. an ideal gas with constant specific heat, equation (2.6) implies 
the following: The enthalpy of a calorically perfect gas only depends on temperature and equals 

h = cPT. (2.7) 

For a setup as in Figure 2.1, the total enthalpy of the flow equals the enthalpy of the gas in the 
reservoir upstream of the duet: 

h0 =hor = cpTor. (2.8) 

lf we combine the equations (2.6), (2.7) and (2.8), we find the following expression for the 
average local temperature: 

hor =CpTor =fiJ2 (x)+c/f(x). (2.9) 

This means that if a calorically perfect gas is adiabatically accelerated, we find that the local 
temperature becomes 

- u2 (x) 
T(x)= Tor --- . (2.10) 

2cP 

2.2. The Joule-Thomson coefficient 
A steady state, adiabatic pressure reduction of a fluid, trom one stagnant state to another, is 
called a throttling process. A throttling device is schematically shown in Figure 2.2. In practica 
most common throttling processes make use of a throttle valve, a porous plug or similar devices. 
In our case, we will consider pressure reduction by a capillary or by an orifice. 

Figure 2.2 Throttling flow in a tube. 

For this process the energy equation (2.6) is applicable. With u1 = u2 = 0 it shows that throttling 
processes are isenthalpic: 

h1 = h2 . (2.11) 
The enthalpy of an ideal gas only depends on temperature, so in a throttling process of an ideal 
gas, the temperature does not change. In a real gas however, the enthalpy also depends on 
pressure and therefore the temperature will change at a pressure reduction at constant enthalpy. 
For throttling processes the Joule-Thomson coefficient cJT is defined as the ratio of the change of 
temperature to the change of pressure at constant enthalpy: 

CJr=(àT)· (2.12) 
àp h 

For example, the Joule-Thomson coefficient can in practica be used in the following manner: 

1 The flow averaged h0 is defined as pu h0 = J J pu(f u2 + h )dA. 
A 
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An isolated capillary tube reduces the pressure of nitrogen (N2) from 3 bar to 1 bar. For nitrogen 
cJr = 0.24 K/bar at 290 K [SYC87]. For this throttling process a temperature drop of 0.5 K may be 
expected. In our case we will consider pressure reductions ranging from fJ.p = -1 bar to -5 bar. 
These will cause temperature changes of fJ. T = -0.24 K to -1.2 K. 

To get some more insight in the process, one should consider the fallowing: 
The value of the Joule-Thomson coefficient may be seen as an indicator far the deviation of a real 
gas from ideality. At rising pressures intermolecular distances become smaller and intermolecular 
farces become more important. In general, attracting farces between molecules will dominate 
over repulsion in the gas phase, unless intermolecular distances become even smaller. Consider 
now an expansion due to pressure reduction, at constant enthalpy. During this expansion the 
molecules, that are still attracting each other, are being separated. The average potential energy 
of the molecules increases at the expense of the thermal energy: the temperature decreases. 
Referring to equation (2.12), we see that far fJ.p < 0 and fJ. T < 0, CJT must be positive. Thus, an 
isenthalpic pressure reduction will cause a temperature drop. In the same way, far the less 
common case that repulsive farces dominate over attractions, CJrwill be negative. 

The Joule-Thomson coefficient and equations of state 
In an ideal gas the Joule-Thomson effect does not exist, as we faund earlier. lf a gas is described 
by some other equation of state, e.g. the Van-der-Waals equation of state, the Joule-Thomson 
coefficient can be deduced. To do so, the Joule-Thomson coefficient must be expressed in terms 
of the specific heat and other thermodynamic quantities, described by the equation of state. 
Straightforward algebra gives: 

CJT = [~:1 = -(~~)J~; l = - C~ [~; 1 · (2.13) 

In order to rewrite the last term of (2.13) we use h = h (p, s): 
1 

dh=Tds+-dp. (2.14) 
p 

This immediately leads to: 

-(~; l = -r(~; l : (2.15) 

The first term on the right hand side can be rewritten using one of Maxwell's relations: 

-[;;1 =1:; l ; (2.16) 

and these last two terms can be combined: 

-[;;1 =Tfa~ l (2.17) 

lnserting this result into (2.13) yields: 

T2 [a-1 l 
CJT = c; d~ p (2.18) 

This provides us with a useful expression to calculate CJr from Cp far a given equation of state. 
Other useful expressions are faund from 

CJT <[ i:n-;] (2.19) 

using the cyclic relation 
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(2.20) 

This results in 

1 1 ( ~~ l 
c JT = -- - + T-'---"'-'-

c p P [:; l (2.21) 

The expressions above can be used to obtain the value of CJT· In particular (2.19) is convenient 
when the equation of state is expressed as (1/p) = f (T, p), while (2.21) can be used for equations 
of state p = f (T, p). In Appendix A it is shown how the Joule-Thomson coefficient can be derived 
from the Van-der-Waals equation of state using (2.21 ). 
Table 2.1 and Table 2.2 give some values of CJrfor nitrogen and some other gases. 

Table 2.1 Joule-Thomson coefficients for nitrogen at different pressure and temperature 
levels [SYC87]. 

T [K] p [bar] cJT [KI bar], for N2 (~Il 
270 1 0.279 

5 0.274 
280 1 0.260 

5 0.255 
290 1 0.241 

5 0.237 
300 1 0.225 

5 0.220 

Table 2.2 Joule-Thomson coefficients for various gases at T = 300 K, p = 1 bar [SYC87]. 
Note that the values of CJr calculated from the Van-der-Waals coefficients are less 
accurate than the data taken from V. Sychev. 

cJT [KI bar] CJT [K/bar] 
According to V. Sychev calculated from Van-der-Waals 

gas at T = 300 K, p = 1 bar coefficients 
N2 [SYC87] 0.225 0.25 
He [SYC87-He] -0.057 -0.10 
CH4 [SYC87-CH] 0.431 
C02 0.71 

2.3. Compressible pipe flow 

lntroduction 
When considering thermal effects in gas flows, the compressibility may not be neglected if Mach 
numbers above (roughly) 0.2 occur. In capillaries and orifices typical Mach numbers in the 
complete range of 0 to 1 can be expected (at the typical conditions of this study). In this section 
we shall examina the one-dimensional flow of a compressible fluid in a duet of constant cross
sectional area, similar to the way J.A.Owczarek does [OWC64]. Assume the fluid considered is a 
calorically perfect gas, which is by definition an ideal gas with constant specific heats. Then, if we 
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assume that the flow is adiabatic, we found in section 2.1 that the total enthalpy h0 does not 
depend on the axial coordinate: 

u2 
h0 = h+- =constant. (2.22) 

2 
In equation (2.22), h0, hand u have to be considered as properly averaged quantities in a cross 
section. Such a flow with constant total enthalpy is called homenergic. 
For a perfect gas, a relation between entropy and enthalpy for a homenergic flow in a duet of 
constant cross-sectional area can be deduced (e.g. see [OWC64]). Such a relation is represented 
graphically in Figure 2.3. A line of constant rate of mass flow per unit area, represented by this 
relation, is called a Fanno line. 

M=O ho -- subsonic flow 

M=1 ···---- --

s---

Figure 2.3 A Fanno line on the enthalpy-entropy (h-s-)plane. 

For an adiabatic flow with viscous effects, going downstream, the entropy of the flow can only 
increase due to friction. (Adding heat to the flow would increase the entropy even more, only 
removing heat from the flow would make a decrease in entropy possible.) 
Since the entropy will only increase going downstream, so will the local Mach number (in a flow 
that is subsonic at the inlet of the pipe). Moving downstream in the flow corresponds with moving 
to the right along the Fanno line in Figure 2.3. In the diagram we see that the entropy reaches a 
maximum for M = 1. This implies that for pipe flow, which is subsonic at the inlet, the maximum 
Mach number that can be reached is 1, and that this state of the flow can only be reached (jf it is 
reached) at the end of the duct2• In case that the Mach number indeed reaches the value 1, the 
flow is said to be "choked". 

Further elaboration for a calorically perfect gas 
We will now consider a flow through a duet of constant cross-sectional area, as depicted in Figure 
2.4. The gas starts flowing into the duet from a large reservoir, where the total pressure Por and 
total temperature Tor are known quantities. The mass flow rh is independent of x. At the end of 
the tube the gas flows out into the surroundings, where the pressure is Pa ('a' for ambient 
conditions). lf the exit flow Mach number is smaller than unity, the appropriate boundary condition 
for the pressure is p2 = Pa· This is a direct consequence of flow separation at the sharp 
downstream edge of the pipe. But, if choking occurs, the pressure p2 fellows from the condition 
M2 = 1 and is in general larger than the ambient pressure Pa· 

2 This is only valid fora pipe of constant cross-section. 
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r~x 

2 

Figure 2.4 Compressible flow trough a duet of constant cross-sectional area. 

A one-dimensional adiabatic pipe flow of a perfect gas, i.e. a flow at constant total enthalpy, can 
be described by the momentum equation and conservation of mass. These two equations 
together express the Mach number distribution of the flow in terms of physical properties of the 
duet and known conditions of the flow at one position in the duet. From this Mach number as a 
function of the coordinate x, ether relevant properties of the flow, such as density or pressure, can 
be deduced. 

The use of "total" flow quantities 
lnstead of using the actual physical quantities like p, T, p, c, it is sometimes useful to use so
called "total" flow quantities, p0, T0 , Po and Co· These total quantities refer to the hypothetical 
situation that the local flow is isentropically brought to stagnant conditions. The relation between 
(p, T, p, c) and their "total" counterparts is then given by Bernoulli's equation. For a calorically 
perfect gas we find 

~ = (:, J = (;, )"' = (:, f (2.23) 

which is the calorie equation of state tor constant entropy. 
2 

Further, trom the Bernoulli equation, with h = _c_ , 

2 2 
1.u2 +-c-=~ 
2 y-1 y-1 

and equation (2.23) we obtain 

y-1 

(2.24) 

~; = 1+~M' =;, =( ~ f =(:, r (2.25) 

That it is useful to introduce total quantities in this theory, is due to the energy equation tor a 
(non-isentropic) adiabatic pipe flow: 
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f u2 + h = h0 , (2.26) 

which states that the total enthalpy h0 and tor an ideal gas also T0 and c0 are independent of x. 
This means we can derive the tollowing expressions: h(x) = h(h0 , M(x)) and tor an ideal gas 

T(x) = T(T0 , M(x)) and c(x) = c(c0 , M(x)), but p(x) = p(p0 (x), M(x)). 

Relation between physical pipe properties and flow Mach number, based 
on the momentum equation 
Returning to the problem of adiabatic pipe-flow, we naw consider the relation between local flow 
Mach number and x-position tor a given pipe diameter and friction factor. The full derivation, 
which is mainly based on a retormulation of the momentum equation, is given in Appendix B.1 
and results in: 

t(x*-x) 1-M2 y+1 r;1
M 2 

--'--~ = --+--ln-=----
0 '}M2 2y 1+ r~1 M2 

(2.27) 

In this equation 
x: the position at which the flow is considered; 
x*: the hypothetical position at which the flow would reach a Mach number 1; 

t. the friction factor tor this pipe flow, defined: tt = -~, with r the wall shear 
fpu 

stress; values of f can be read off trom a Moody-plot (see Appendix F); 
0: the diameter of the duet; 
y. Cp/Cv; 

M. the local Mach number at position x. 
Equation (2.27) thus provides us with a procedure to find the Mach number of the flow at a certain 
position x2 if the Mach number at another position, x1, is known. Figure 2.5, which is a graphical 
representation of equation (2.27), can be used tor this procedure. 

1.2 

1.0 

0.8 

:: 0.6 

0.4 

0.2 .. _L ___ _ 

0.0 
0 5 10 15 20 25 

f(x* - x)/D 

Figure 2.5 Graphical representation of equation (2.27) tor a gas with y = 1.4. 

lf the velocity of the flow at a position xr. e.g. the inlet of the duet, is known, then the Mach 

number at this position can directly be calculated. From this result, the value of f(x* -x1 ) can be 
D 

calculated using equation (2.27). The combination of these two values corresponds to a point on 
the line in Figure 2.5. Next, if 
• the friction factor fis known or estimated (f can be estimated by use of a Moody-plot or, tor 

the smooth pipe limit, calculated with Nikuradse's tormula, see tor bath [BEN83]), 
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• the diameter Dof the duet is known, 
• and the length L ( = X1 - x2) is known, 
then the Mach number M2 at position x2 , say downstream of X1, can be found graphically by 

moving the correct distance fL, in this case towards the left, in Figure 2.5. Of course, M2 can 
D 

also be found analytically in the same way, using equation (2.27). lf this results in a negative 

value of f(x* -x2 ), this means that the assumed conditions at x1were not physically possible. 
D 

Relation between mass flow and flow Mach number 
The second main equation of this theory is a reformulation of conservation of mass. lt expresses 
the non-dimensional mass flow to the local flow Mach number M:x) and the local total pressure 
po(x). lt is deduced as tollows: 

or 

with 

y+1 

<t>RT0 = Po 11j 1 + y-1 M2 )- 2rr-1J, 

PorCo Por ···~ 2 

<P: the mass flow per unit area through the duet; 
R: the specific gas constant; 
c: the velocity of sound. 

(2.28) 

The subscript 0 refers to the total value of the variable considered, and Or to the total state of the 
gas in the upstream reservoir as in Figure 2.4. T0 and c0 are constant throughout the flow, 
because the flow is homenergic by assumption. The total pressure Po is not constant, therefore 
Por refers to the total reservoir pressure and Po refers to the local total pressure, at the same 
position at which Mis considered. 

In order to solve the problem, we have to implement boundary conditions: 
• The entrance flow from the upstream reservoir to position 1 is isentropic, i.e. p01 = Por· As a 

consequence we find from equation (2.28): 

• 

or 

y+1 

<PRT0 _ M (1 y-1 M2 )- 2rr-1J 
--- 1 +-- 1 . 
Por Co 2 

(2.29) 

The exit flow is either subsonic, M2 < 1, or choked, M2 = 1. lf the flow is subsonic, the local 

pressure p2 equals the downstream ambient pressure Pa· With c0 = ~yRT0 and 

r 
~ = ( 1 + r; 1 

M 2 y-1 
, equation (2.28) then yields 

y+1 

<PRTo = Po2 P2 M
2

( 1+ r-1 Mi) 2(r-1), 

~rRTo Por P2 Por 2 

1 

<t>.[Rf; = P2 fYM2 (1 + y-1 M~ )2 . (2.30) 
Por Por 2 

Equations (2.27), (2.29) and (2.30) yield the analytica! solution of the problem. The procedure is 
as follows: 
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Take a value of M1 in the range 0 ~ M1 ~ 1. Calculate with (2.29) the corresponding value of 

<PRTo . Calculate fora given and fixed fL the Mach number M2 with (2.27). Then (2.30) will yield 
Por Co D 

the corresponding P2 
. The solution is depicted in Figure 2.6. 

Por 

~ <PjRT; p 
For several values of - the value of 0 is plotted as a function of _a . As long as the 

D Por Por 
flow is sonic, i.e. not choked, p2 at the exit of the pipe equals Pa, the pressure outside. lt can be 
seen that all lines become horizontal towards the left, from a certain point. These points are 
connected by a straight line through the origin in the graph. With substitution of M2 = 1 and 
p2 =Pa in (2.30), it fellows that this straight line is described by 

<PjRT; = Pa JY ~r+1 . (2.31) 
Por Por 2 

From this line on, the flows are all choked and this means that the mass flow has become directly 
proportional to the inlet pressure Por· Further lowering of the ambient pressure Pa does not affect 
the mass flow èP any more, once the flow is choked. 

/ \ 
0 1i 

O.t 02 03 0.4 0.5 0.6 0.7 0.8 09 

Sym bols representing the various 
physical quantities in Figure 2.6, 
taken from [OWC64], are not 
identical to those in the text. 
Correspondence is as fellows: 

Fiaure Text 
m èP 
-
A 

Tt To 
pt1 Por 
Po Ca 

4f f 

Figure 2.6 Relation between non-dimensional mass flow and relative pressure drop 
[OWC64]. Note: the uppermost line in this graph (x2 - x1 = 0), corresponds toa critica! 
orifice restriction, as the limiting case of a capillary with zero length. 
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Examples for capillary flows 
For the four different capillaries, that will be used in the experiments of this study, calculations 
have been made of M(x) at four different values of the pressure drop 
(Por - Pa). The complete results can be found in Appendix B.2, in combination with a more 
detailed ("step by step") procedure for these calculations. An example of the results of one of 
these calculations is given in Figure 2.7. This figure shows the Mach number of the flow in a 
capillary of 400mm*1.1 mm (length*diameter), for pressure drops of 1, 2, 3 and 4 bar. In all 
calculations the back pressure at the end of the capillary is at atmospheric level: Pa= 1 bar. For 
the highest reservoir pressure, Por= 5 bar, the flow is choked and M2 reaches the value of 1. 

1 

0.8 +----------------+.----! Pa = 1 bar 

_ o.s _,____ _______ .,.._,.I___. 
i ~,-

0.4 +-------------:::,,......_,,....,'---~---i 

0.2 ·1-"'~:-=-:::.=·~· _:~_ ::_:-_:-__-:-_:_:::'._~_-'"'._.:._~_:-_.~_~--~_:_~_:_. -_-_-_· --·--------! 

---·- Por = 2 bar 

-- Por= 3 bar 
-----· Por = 4 bar 

- Por=5bar 

0.0 0.1 0.2 0.3 0.4 

Position x [m] 

Figure 2.7 Mach number distribution ~x) fora capillary of 400 mm* 1.1 mm (L*D) at four 
different values of p0,.. Downstream pressure Pa= 1 bar for all lines. 

Now that the velocity of the flow in a capillary is known, the next step from here is to determine a 
temperature distribution over x. Equation (2.25) yields 

T 1 -=----
1+ y-1 M2 

2 

(2.25) 

Applying this formula directly on the results found above gives four temperature distributions as 
depicted in Figure 2.8. For all temperature distributions, a total temperature of T0 = 295 K was 
taken. 
Figure 2.8 shows that the temperature drop, due to the acceleration of the flow, is of considerable 
magnitude. In the case of choked flow, the cooling of the flow may be in the order of 50 K. 
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Figure 2.8 Temperature distribution T{x) fora capillary of 400 mm* 1.1 mm (L*D) at tour 
different values of p0,.. Downstream pressure Pa= 1 bar and total temperature T0 = 295 K tor 
all lines. 

To conclude this section some attention must be given to the following: In this section only the 
axial distribution of velocity and temperature has been considered. These results must be seen 
as average velocities in a cross section of the duet, and the corresponding temperatures. 
Temperature distributions within a cross section will be investigated in the next section. 

2.4. Adiabatic wall temperature and recovery factor 
In section 2.3 we have considered the axial distribution of velocity and temperature due to friction 
at adiabatic conditions. These velocities and temperatures are averaged values in a cross 
section. In reality, the velocity and the temperature will change considerably from axis to wall due 
to viscous friction and viscous dissipation. 
In appendix C it is shown that for the adiabatic pipe flow of a gas with Prandtl number (Pr) unity, 
there is a simple one to one correspondence between velocity and temperature. Fora calorically 
perfect gas it reads: 

fu 2 +cpT=cpTaw· (2.32) 

Here Taw is the adiabatic wall temperature. lf we combine (2.32) with the energy equation (2.9) 
1 2 T- .,-2 U + C p - C p I Or , 

we find that at the wall, the reservoir temperature is found back: Taw = Tor· The temperature 
increase from the axis towards the wall is fully due to viscous dissipation. 
We shall use equation (2.32) to express the temperature difference between the core flow with 
velocity ue and temperature Te, and the wall. From equation (2.32) we find, for Pr= 1: 

(2.33) 

lf Pr -:t. 1, Taw will in general be smaller than Tor· lt means that not all the kinetic energy of the flow 
is recovered as a temperature increase. In that case a so-called recovery factor free is introduced, 
defined as: 

(2.34) 
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The recovery factor represents the ratio of the frictional temperature increase at the wall 
2 

(Taw - Te). to that due to isentropic compression, __!:!__. 
2cP 

For laminar flow the recovery factor equals [SCH79]: 

free = -J Pr . (2.35) 
This means that for nitrogen, with Pr= 0.74, this gives 

free= 0.86. 
In turbulent flow, the recovery factor is somewhat larger. According to H. Schlichting [SCH79] the 
best estimate is 

free,tur = :ef"Pr • 
which then yields for nitrogen 

free,tur = 0.90 · 

(2.36) 

Our knowledge on the adiabatic wall temperature can now be used to estimate the possible 
effects of heat exchange between the capillary and its surroundings. In a setup as in Figure 2.9, 
gas enters a capillary from stagnant conditions in a reservoir, where the temperature is T0,, the 
total temperature. 

Por 
Tor 

rl__.x --------------------+--~-------------------------

Figure 2.9 The velocity profile and core velocity Ue in a cross section of a pipe flow. 

We shall now assume that the gas flow near the axis of the duet, the core flow, satisfies the 
energy equation for adiabatic pipe flow with constant total enthalpy. Fora calorically perfect gas 
this yields: 

u2 
Te = Tor - 2; . (2.37) 

p 

In principle T0 = T0" independent of x. Due to friction Ue will increase in flow direction while Te 

decreases (as has been discussed in section 2.3). Towards the wall the gas temperature then 
rises to the adiabatic wall temperature T aw. according to (2.34) 

u2 u2 u2 
Taw = Tor - _e_ +free · _e_ = Tor -(1- free )-e- · (2.38) 

2cP 2cP 2cP 
In a cross section of a capillary, the temperature then attains the following profile (Figure 2.1 O): 
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Figure 2.10 Radial temperature profile in an adiabatic pipe flow of a gas with Pr =1- 1. 

Depending on the temperature outside the capillary, a certain heat exchange between capillary 
and surrounding may exist: lf this outside temperature (or ambient temperature) is higher than 
Taw. heat will be transported through the wall and added to the gas and in that case the gas heats 
up. lf the outside temperature is below Taw• the wall will pick up heat trom the gas, which will then 
automatically cool down. Heat transport trom the gas to the wall (or vice versa) will stop as soon 
as the gas temperature at the wall, T(r = R), equals the ambient temperature Ta. 
This gives a maximum to the increase in total enthalpy and corresponding total temperature, due 
to heat exchange. With the assumption tor the ambient that Ta = T0,., this maximum increase is: 

(d T)isoth.w,1 = Tor - Taw · (2.39) 

This last situation, when heat exchange has reached a maximum, is referred to as the "isothermal 
wall condition". 

2.5. Estimate of the total temperature effect 
In the previous sections, the temperature effects that occur in compressible pipe flow were 
described. In this last section it will be shown how these different effects can be combined to give 
the complete temperature change in a capillary tube. Furthermore, this result will be compared 
with the temperature effects that occur in a flow through a critica! orifice restriction. 
We started our analysis by first considering pipe flows of a calorically perfect gas and the extra 
effects due to deviation trom ideal gas behaviour. All the real gas effects were combined in the 
Joule-Thomson effect. This has been described in section 2.2. 
In section 2.3 we tound the axial velocity distribution tor a Fanno flow, i.e. an adiabatic, viscous, 
compressible pipe flow of a calorically perfect gas. From this result a temperature distribution 
over the length of the duet has been derived. In section 2.4 we tound an expression which relates 
the adiabatic wall temperature, in a certain cross section of a duet, to the temperature in the core 
of the flow. 
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Figure 2.11 Compressible pipe flow leaving the duet into a downstream settling chamber. 
Note that the relative sizes of the capillary and chamber are out of proportion in this figure. 

From these results the following can be concluded for a capillary flow as in Figure 2.11 : 
In practice, the Joule-Thomson effect will always occur for the pressure drop (p03 - Por) . This will 
be the only resulting thermal effect in case of the adiabatic wall condition. 
Besides that, a certain amount of heat may be exchanged between the gas flow and the 
environment. This amount depends directly on the temperature difference between the wall of the 
duet and the ambient temperature. As in section 2.4, we will assume that the ambient 
temperature Ta equals Tor· The case of maximum heat exchange is described by the model of the 
isothermal wall. Section 2.4 described the temperature increase that an isothermal wall imposes 
on a calorically perfect gas. This will now be regarded as the first part of the temperature increase 
in a real gas: 

(il T)isoth w1 =Tor - Taw · (2.39) 
Besides that, the isothermal wall will also compensate the Joule-Thomson effect up to the outlet 
of the capillary (position 2). This means that effectively only for the possible pressure drop after 
the outlet, p03 - p2 , a Joule-Thomson effect will occur: 

(il T) ;soth.w,2 = CJT (Po3 - P2) · (2.40) 
These two effects together give the maximum value for the downstream total temperatu re T03 for 
a real gas in this flow configuration: 

To3,max =Tor +(il T) isoth.w,1 + (il T)isoth.w,2 =Tor +(Tor - Taw )+ CJT (Po3 - P2 ) (2.41) 

Figure 2.12 gives a graphical representation of all these effects as a function of the pressure drop 
over the capillary. The graph refers toa nitrogen flow in a capillary with a length of 800 mm and 
an inner diameter of 1.395 mm, which is the actual size of one of the capillaries used in the 
experiments. Graphs of the other capillaries can be found in Appendix E. 
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Estimated temperatures 
at the outlet of a capillary (800mm * 1.395mm) 
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Figure 2.12 Overview of the estimated possible temperatures at the outlet of a capillary. 

- First, we see the reservoir temperature T0, (295 K) as a constant reference temperature. 
- The line "T JT' represents the Joule Thomson effect in a nitrogen flow. This will be the resulting 
total temperature downstream of a restriction , if the flow is adiabatic. 
- The line "T c' describes the adiabatic temperature in the core of the duet, as it has been derived 
in section 2.3. 
- The line " T aw'' is the adiabatic wall temperature of a calorically perfect gas that will be found at 
the end of the capillary. 
- The line "T isoth.w." represents the resulting total temperature downstream of the capillary, in 
case of an isothermal wall. This is the upper limit tor T03, described by (2.40) . 

This all leads to the tollowing conclusion : The minimum temperature T03 of the gas in the 
downstream reservoir will be that of the adiabatic situation, represented in Figure 2.11 by T JT. 
The maximum temperature downstream will be that imposed on the flow by the isothermal wall 
condition : T isoth.w. In practica it is most likely to find a temperature in between these two 
boundaries, depending on the heat transfer coefficient of the system. 

What has been derived for compressible pipe flow is directly applicable tor capillary tubes. Based 
on this theory, the tollowing can be said tor compressible flow of a real gas through an orifice: In 
the ideal situation, the setup will be that two large reservoirs are connected to each other with 
only the orifice between them . In that case there is no surface area through which heat exchange 
can occur. Theretore the only temperature effect that is present in that situation , is the Joule
Thomson effect. In practica, the orifice is inserted into a short and relatively wide pipe, which is 
placed between two settling chambers. This allows tor some heat interaction. lf we make the 
same assumption as above, namely that the ambient temperature equals the total temperature of 
the gas in the upstream reservoir, there will be a little amount of heat added to the gas flow. This 
causes the temperature T03 to be close to that in the adiabatic case. 
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3. Experimental setup 

3.1. lntroduction 
Nitrogen is used as a purging fluid for several components of a waferstepper or scanner. 
Transport of this purging gas is preferably done at a relatively high pressure level, to allow more 
(absolute) pressure losses and smaller tubes. Just betore the purged compartment, i.e. the 
nitrogen user, the pressure of the purge gas must be reduced to a certain required level (in the 
order of 100 to 1000 Pa overpressure). This pressure reduction is normally established by use of 
capillary tubes, but can also be done by "critica! orifice plates" (or "orifice" tor short) or "filter-type 
flow restrictors". During this pressure reduction several effects influence the temperature of the 
purging gas. Since most systems require a very accurate and stable temperature level, the 
influence of the different effects must be measured and compared. 

The main objective of the experiments of this study will be to verify in practice the theoretica! 
results of Chapter 2: Section 2.5 gives an estimate of the limiting values of the temperature at the 
exit of a pipe flow, combining the results of the preceding sections. The experiments that will be 
described in this chapter, will verify these limits and give an idea of the amount of heat that is 
added to or removed trom the flow. In the experiments tour capillaries and three orifices of 
different sizes are used. 
The effects on temperature level and stability will be determined tor different pressure levels, tor 
different restriction geometries, tor different thermal insulation of the capillary and tor different 
supply temperature levels. 
The setup has been built up in a clean room. This is a laboratory which meets the requirements 
that are demanded tor the production of IC's (integrated circuits). In the clean room area strict 
precautions are taken to prevent contamination of the air. The air temperature and humidity are 
highly stabilized. Air pressure inside the clean room is kept a few hundreds of pascal above the 
environmental pressure to prevent that contamination enters the room. 

3.2. Overview of the setup 
A schematic representation of the experimental setup is given in Figure 3.1 . The setup can be 
divided in a gas circuit, a data acquisition system and a temperature controlled water circuit. 
Same photographs of the setup can be tound in Appendix F. 
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1 

Figure 3.1 Schematic view of the experimental setup tor the measurement of thermal 
effects. 
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At the left side of this outline, nitrogen enters the system trom "tab supply''1
, a gas supply system 

which serves all nitrogen users in a building. A flow sensor2 measures the mass flow that enters 
the setup. First, the nitrogen flow is adjusted to the desired pressure and temperature levels, by 
means of a pressure reducer and a pneumatic heat exchanger3

. Then the gas enters the 
upstream settling chamber ("chamber 1"), where the conditions of the gas betore pressure 
reduction are measured. Next, the pressure of the gas is reduced by means of a restriction, i.e. a 
capillary or a critica! orifice, which can be replaced tor different experiments. In some experiments 
with a capillary, the temperature will be measured along the outside of the capillary wall by eight 
NTG sensors. After that, the gas flows into "chamber 2", where its conditions are again measured. 
The pressure in this chamber will always be near atmospheric conditions. At the end, the nitrogen 
flow leaves the system through an exhaust. 
To reduce the influence of heat addition to the critica! parts of the system, both the chambers 
(upstream and downstream of the restriction) and the restriction itself have to be insulated. 
Theretore these are placed inside a lens cooler, filled with toam rubber. A lens cooler is a metal 
cylinder of about 60 cm in length and 30 cm in diameter. At the outside a water duet is attached, 
so that the complete cylinder can be temperature controlled by a water system. The space 
between the reservoirs and the lens cooler wall is filled with toam rubber to minimize heat 
exchange with the environment. 
As mentioned above, the temperature of the gas flow is set by a heat exchanger. This heat 
exchanger is supplied with water of constant temperature by a 2500W TCU, a temperature 
control unit. This TCU produces a water flow with a temperature stability of± 2·10"2 K toa preset 
value. In almost all the experiments the temperature is set at 22·c. After the temperature 
controlled water has gone through the heat exchanger, it is led through the lens cooler. The TCU 
is controlled, via a controller box, by RS232 communication with a PC. 

For the design of the two chambers, a theoretica! analysis has been made of the heat exchange 
between the flow and its environment. A few different geometries of the chamber were compared, 
as well as different values tor the thickness of the insulation layer and the effect of using a large 
temperature stabilized metal vessel around the insulation material (a lens cooler could be used 
tor this purpose). In order to estimate the heat exchange inside the chamber, three different 
expressions were tound that could predict the Nusselt number tor this situation. From this 
estimate of the heat exchange, a temperature increase had been calculated. This was compared 

to the temperature change (~]the gas experiences due to its acceleration. lt was shown that 
2cP 

the term (~] is only of interest (compared to the influence of heat exchange) tor mass flows of 
2cP 

about 100 In/min. That implied that the critica! design parameter is the surface area on the inside 
of the chamber. The smaller this area, the less heat will be added to the flow. From these 
considerations, we chose tor a cylinder with L = 30 mm, D = 30 mm. lt is assumed temperature 
differences between the gas flow inside the reservoir and the lens cooler, can be about 1 K 
(which is the effect of Joule-Thomson cooling for nitrogen with /:::,.p = -4 bar). In that case, 
temperature changes due to heat addition are estimated at the order of 180 mK tor a flow of 1 
lnfmin to 10 mK tor a flow of 30 In/min. 

Experimental data are acquired as tollows, see also Figure 3.2: 
• a differential pressure sensor4 measures the pressure difference between the two chambers, 

i.e. the pressure difference across the capillary or orifice; 
• another differential pressure sensor4 measures the pressure of the second chamber, relativa 

to the ambient pressure in the clean room; 

1 "Fab supply'' stands for fabrication facility supply system. 
2 Brooks Instrument B.V. (ser.nr. H000?0/001 }, range 0 - 200 In/min for N2(g). 
3 Exergy Ine. 54 Series 00486-3 (12-NC: 4022-480-62351). 
4 Druck PMP4110: range: 0 - 10 bar(d} (signal: 1 V = 1 bar), accuracy ± 400 Pa. 
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• the atmospheric pressure in the clean room is measured with a barometer5 and is logged 
directly on a PC via RS232 communication; 

• inside each chamber two NTC's6 are suspended that measure the temperature within the gas 
flow, on the outside of each chamber (on the flange) another NTG is attached to measure the 
temperature of the wall, all NTC's have a 1 O kO resistance at 25°C; 

• in a few experiments 8 NTC's are attached to the outer wall of the capillary, in a more or less 
even distribution over the length of the capillary. 

N2 flow 

chamber 1 

barometer 

Figure 3.2 Schematic of the experimental setup showing all sensors. 

differential 
pressure 
sensors 

chamber 2 

10V power 
supply 

The resistance of all NTC's and the voltages of the two differential pressure sensors are logged 
by a datalogger7

. The datalogger is set to log all sensors (differential pressure sensors and 
NTC's) once every 2 minutes, resistances are measured at a resolution of 0.1 Ohm, voltages at a 
resolution of 10-4 and 10·5 V. 

The capillaries and orifices that are used in the experiments, have the following dimensions 
(according to the suppliers): 

inner diameter [mm] 
1.1 (outer diameter= 1.5 mm) 

(wall thickness = 0.2 mm) 
1.395 (outer diameter = 3.175 mm) 

(wall thickness = 0.89 mm) 

5 Druck RPT 301: range 750 - 1150 mbar, accuracy ± 10 Pa. 
6 Betatherm 1 OK3A576. 
7 HP Agilent 34970A 
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These seven flow restrictions have been calibrated: the mass flow ri1 [l,/min] has been measured 
as a function the pressure drop p1 - p2 [bar]. The mass flow values that will be used in the 
description of the experiments in section 3.3, are all calculated from a linear fit of these 
calibrations. 

Calibration of the NTC sensors 
For the temperature measurements two kinds of NTC's are used: the first (spherically shaped) 
model has an accuracy of ± 0.1 K, the other of ± 0.05 K (flat model). In order to increase this 
accuracy, all NTC's are calibrated simultaneously. The calibration method used is similar to the 
method described by Gerben Kooijman [K0001 ]: 
First, all NTC's were connected to the flange of one of the flow settling chambers, which serves 
as a large, well conducting, heat capacity. The chamber was then placed in the insulation 
material inside the lens cooler. Then a gas flow was send through the chamber, that was 
temperature controlled by the heat exchanger, and on the outside the lens cooler was also 
temperature controlled at the same constant temperature level. In this way it is assured that all 
NTC's are at the same temperature level. 
For an extended period of time the resistance of all NTC's is then measured once every two 
minutes. This has been done at five different temperature levels (17, 19, 22, 24 and 27°C). Earlier 
experiments, described in [K0001], showed that temperature gradients in the NTC or in the 
whole system may cause inaccuracies in the calibration method. By measuring at a constant 
temperature level over a longer period, in stead of measuring over an increasing or decreasing 
temperature path, these problems are avoided. 
The temperature dependency of the resistance of an NTC sensor is best described by the so
called Steinhart-Hart equation [K0001 ]: 

1 R c( R )
3 

-=A+Bln--+ ln--
T Rref Rref 

(3.1) 

In this equation T is the absolute temperature, Ris the resistance (which must be divided by a 
reference resistance Rret = 1 Ohm tor mathematica! correctness) and A, 8 and C are the 
Steinhart-Hart coefficients. 
From all the data of this calibration, the Steinhart-Hart coefficients of each NTG can be derived 
from a fit to the Steinhart-Hart equation. This was done with the aid of Matlab. The results of this 
calibration (A, 8 and C tor each sensor) can be tound in Appendix D. By this calibration the 
relative accuracy of the sensors was reduced to± 5 mK or less tor 19 of the 24 NTC's and to 
values in the range ± 5 to± 25 mK tor the other 5 NTC's. 

3.3 Experiments 

Large diameter capillaries 
The first tour measurements have been done on the two capillaries with an inner diameter of 
1.395 mm. In these experiments the temperatures and the pressure levels of the two reservoirs 
have been measured, as described above. The pressure in chamber 1 was set to 3 and 5 bar(a) 
tor the longer capillary, and to 3 and 4 bar(a) tor the shorter one, the pressure in chamber 2 was 
at atmospheric level (as in all the experiments). The settings of these experiments (including the 
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corresponding mass flows, determined from the flow calibrations mentioned in section 3.2) are 
given in Table 3.1. 

Table 3.1 Settings for experiments with large inner diameter (1.395 mm) capillaries. 

measurement nr. lent:ath*diameter fmm*mml P1 - P2 fbarl mass flow [lr/min] 
1 800 * 1.395 2 19.9 
2 4 36.1 
3 400 * 1.395 2 25.1 
4 3 35.3 

These first measurements showed that the temperature levels in the two reservoirs became 
stable after about 4 hours. After stabilisation the experiments have been continued for 1 hour or 
more to get enough data. 

Small diameter capillaries 
The next experiments have been done with the capillaries with an inner diameter of 1.1 mm. In 
these experiments not only the temperature inside the two reservoirs has been measured, but 
eight more NTC's have been attached, evenly distributed, on the outside of the capillary walls. 
First, all temperatures and pressures have been measured at preset pressure differences 
(P1 -P2) of 1, 2, 3 and 4 bar. 
Then, for both capillaries a measurement was done at p1 - p2 = 2 bar and Tor= 22°C, with the 
insulation material taken away: the capillaries were still placed inside the lens cooler, so that the 
ambient temperature was better stabilized than under normal clean room conditions. However, 
the rubber foam had been taken away, so that more heat exchange could exist. This setting 
makes a better comparison to the way capillaries are used in practica. The temperature of the air 
around the capillary was measured with three NTC's. 
At last, with the shorter capillary, three experiments were done to investigate the effect of the 
temperature difference between the flow and its surroundings (Tor - Ta), on the rate of heat 
exchange. This has been done at preset temperature of the gas flow of 17°C, 22°C and 27°C 
(p1 - p2 = 2 bar). In these experiments the capillaries were not placed inside the lens cooler8

, so 
that the air temperature around the capillaries was about 21°C. The air temperature was logged 
with three NTC's. A summary of these experiments is given in Table 3.2. 

Table 3.2 Settings for experiments with small inner diameter (1.1 mm) capillaries. 

measurement nr. length*diameter P1 - P2 [bar] remarks on massflow 
[mm*mm] extra settings flr/minl 

5 800 * 1.1 2 8.8 
6 1 5.6 
7 4 15.3 
8 4 15.3 
9 3 12.1 

10 4 15.3 
11 2 not insulated 8.8 
12 400 * 1.1 2 9.6 
13 4 16.8 
14 1 6.0 
15 3 13.2 
16 2 not insulated 9.6 

Tor= 22°C 
17 2 not insulated 9.6 

Tor= 17°C 
18 2 not insulated 9.6 

Tor= 27°C 

8 The lens cooler is connected to the same temperature controlled water flow as the heat exchanger. 
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Critica! orifice restrictions 
The following experiments were done with a critica! orifice as flow restriction: First, temperature 
measurements were done similar to the previous experiments with an orifice of 610.94 µm 
(according to the supplier) at pressure differences (p1 - p2) of 1, 2 and 4 bar. Besides the six 
NTC's in the two chambers and on its wall, three more NTC's were positioned in the air layer 
between the coupling containing the orifice and the insulation material. The average temperature 
of these three is considered the ambient temperature T8 • 

The next orifice has a diameter of 1084.03 µm. Only at a pressure drop of 1 bar and 2 bar 
measurements have been done, because the flow capacity of the pressure reducer does not 
allow tor higher flows and therefore higher pressure differences. For (p1 - p2) set at 2 bar, the 
temperature Tor was set at 17°C and 27°C in two more measurements with this orifice. 
The last orifice has a diameter of 203.88 µm. Again, measurements have been done at pressure 
differences of 1, 2 and 4 bar between the two settling chambers. Flows through this orifice must 
be in the order of 1 lr/min, according to the supplier. This is at the boundary of the range of the 
used flow sensor, so therefore the flows are difficult to measure accurately tor this last orifice. 
An overview of the experiments with orifices is given in Table 3.3. 

Table 3.3 Settings for experiments with critica! orifice restrictions. 

measurement nr. diameter [µm] P1 - P2 [bar] remarks on extra massflow 
settinas rlr/minl 

19 610.94 1 8.0 
20 2 12.8 
21 4 22.4 
22 1084.03 2 34.3 
23 1 19.9 
24 2 Tor= 1TC 34.3 
25 2 Tn,=2TC 34.3 
26 203.88 2 3.3 
27 4 4.8 
28 1 2.5 
29 1 2.5 
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4. Experimental results and comparison with theory 

4.1. Capillaries with D = 1.395 mm 
The first tour experiments were done with the large diameter capillaries (as described in section 
3.3) . The results are presented in Figure 4.1 and Figure 4.2. In these figures, three calculated 
temperature lines are depicted to which the experimental data will be compared, analogously to 
our model in section 2.5. Calculation of these temperature lines has been done with use of an 
experimentally determined average of T0, , rather than using T0, = 295 K. This yields the following : 
• The averaged reservoir temperature T0, is given as a constant reference temperature. 
• The line "T JT' represents the Joule Thomson effect in a nitrogen flow, i.e. the resulting 

temperature of an adiabatic real gas flow through the capillary. 
• The line "T aw" is the adiabatic wall temperature of a calorically perfect gas that will be found 

at the end of the capillary wall (not in the downstream settling chamber). 
In section 2.5, the temperature that would be imposed on the flow by an isothermal wall was 
given as well. This temperature, corresponding to the situation of maximum heat exchange, is 
situated above the reservoir temperature T0, in our model. Since all temperatures measured in 
the chambers are below T0, (which indicates low heat fluxes) , the temperatures that would result 
trom the "isothermal wall case" have been omitted trom the graphs. 
Each data-point shown in the figure corresponds to a temperature measured by a single NTC, 
averaged over a period of 2 hours (data taken once every 2 minutes). For each experiment the 
figure shows: 
• TOr : two NTC's measuring the temperature inside the upstream settling chamber 

(chamber 1); 
• 

• 
• 

T2 : 

Tw.ch.1 : 
Tw.ch.2". 

two NTC's measuring the temperature inside the downstream settling chamber 
(chamber 2); 
one NTC measuring the wall temperature of chamber 1 on its outer surface; 
one NTC measuring the wall temperature of chamber 2 on its outer surface. 

Estimated temperatures and experimental data 
at the outlet of a capillary (800mm * 1.395mm) 
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Figure 4.1 Results for the capillary of 800 mm * 1.395 mm (mass flows: 19.9, 36.1 1,/min). 
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In Figure 4.1 the data-points of T2 reflect the trend of the expected temperature levels: they are all 
near the adiabatic Joule-Thomson temperature. However, they do not satisfy the model of section 
2.5: the model prescribes that the temperatures T2 have to be above the line T JT. 
This deviation is probably related to the tact that the measured temperatures of the settling 
chamber walls are also lower than expected in our model. These chamber wall temperatures are 
even lower than the flow temperature inside the chamber in question. Still , the wall temperature of 
settling chamber 2 is far above the recovery temperature in the capillary. This means that the 
capillary flow cools down the capillary wall and its surroundings: heat is removed trom the 
chamber wall and conducted through the capillary wall. Further investigation is included in a 
discussion in section 4.2. 
A consequence of these low wall temperatures is a possible systematic error in the temperature 
measurement performed by the NTG's. Due to the differences in heat contact between the NTG 
and the flow on one side, and the NTG and the wall on the other, the temperature measured by 
the NTG may be strongly affected by the wall temperature. This effect will be further described in 
the following section (section 4.2). 
Figure 4.2 shows the results of two experiments with a capillary of 400 mm in length . In this figure 
we see the same trend of the temperatures following the Joule-Thomson effect. Again , the same 
errors as in the first two experiments occur: temperatures T2 are below the level of the Joule
Thomson effect and wall temperatures, which are lower than expected, are probably related to 
the deviating flow temperatures . 

~ 
!!:! 
::J 

Estimated temperatures and experimental data 
at the outlet of a capillary (400mm * 1.395mm) 
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Figure 4.2 Results for the capillary of 400 mm * 1.395 mm (mass flows: 25.1, 35.3 l,,/min). 

Furthermore, in the first experiments (Figure 4.1) it can be seen that the difference between the 
temperatures detected by the two NTG's in the downstream chamber, shows an increase with 
increasing flow. This increasing difference is reproduced in all the forthcoming experiments. lt 
may be caused by a jet that is formed when the gas flow leaves the capillary. lf one of the NTG's 
is positioned closer towards (the center of) this jet than the other, then this could explain such a 
flow dependent temperature difference. 
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4.2. Discussion on temperature measurement in a settling chamber, 
influence of wall temperature versus gas temperature 

As mentioned in the previous section, the temperature of the settling chamber wall was in almost 
all the experiments below expectation. This may have a dominating influence on the 
measurement of the local flow temperature. The experimentally detected deviation trom the 
expected chamber wall temperature may be caused conduction of heat (see Figure 4.3): The 
increased flow velocity at the end of the capillary, causes a large temperature decrease of the 
gas at the capillary wall. Therefore, heat will be added to the flow in the last section of the 
capillary. This heat lead (indicated by arrows, marked Q) will be removed trom the chamber wall 
by means of conduction. The cooling capacity of this effect, is proportional to the gas flow through 
the capillary. This has also been detected experimentally. This explanation must be considered 
the most important effect. 
We assumed that the flow would settle over the complete cross section of the chamber, directly 
after it leaves the flow restriction . In that case the local velocity everywhere in the chamber will be 
in the order of 1 m/s or lower. However, it is not unreasonable to expect the formation of a jet 
inside the chamber, as depicted in Figure 4.3. In that case, the flow velocities in the (relatively 
small} area of the jet will be much higher than expected. lf the NTC's are positioned in or near this 
jet, then this will influence the temperature of the NTC's in two ways: First, the gas at the surface 
of the NTC will attain the adiabatic wall temperature (or recovery temperature), corresponding to 
the velocity in the jet. This temperature will be lower than the total temperature of the gas, and 
thus the jet has a negative effect on the temperature measurement. But probably more important: 
the high jet velocities increase the heat contact between the gas flow and the NTC's surface 
tremendously, wh ich has a positive effect on the temperature measurements. Jet formation can 
thus explain why the temperatures T2 measured inside chamber 2, are below expectation. 

At the end of this chapter when all the experiments have been presented, we will return once 
more to this discussion on heat conduction through the walls and jet formation, and try to find 
more evidence tor these hypotheses. 

Figure 4.3 Conduction through the walls of the settling chamber and the capillary, and jet 
formation inside the chamber. 

Another (minor) effect that could cause a decrease in the temperature of the wall , is gas leaking 
trom the chamber somewhere (e.g. near the coupling of the pressure sensor or the ether 
couplings) . Such a gas leakage is a throttling process and could in that way cause some cooling. 
However, because this cooling effect depends on the rate of mass leaking trom the chamber, the 
effect is negligible. 

Next, the influence will be estimated that a temperature difference between the gas and the wall 
has on the temperature measured by an NTC. Consider an NTC, suspended inside a settl ing 
chamber, as in Figure 4.4. When thermal equilibrium is achieved (some time after the flow was 
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started), the temperature of the NTG is mainly defined by the two heat fluxes that are shown in 
the figure: 
• q1 is the heat exchange by convection around the spherical NTG; 
• q2 is the heat flux (conduction) through the two wires of the NTG. 
lt is reasonable to assume that the temperature of the wires in the wall equals Tw. the wall 
temperature. 

2rwire -- q2 

Lwire -
Tgas - q1 

-
2 rNTC 

Figure 4.4 An NTC-sensor suspended in the flow in a settling chamber. 

In case of thermal equilibrium, q1 = q2 and this can be written as 

NuNTCÀgas 2 ( ) 2.?.,wire 2 ( ) 
---~4nrNTC Tgas -TNTC =--;rrwire TNTC -Tw • 

2rNTC Lwire 

or 

Tgas - TNTC - Àwire r~ire 1 

TNTC - Tw Àgas Lwire'NTC NuNTC ' 

with A985: the thermal conductivity of the gas (0.024 wm-1K·1 tor N2); 

Àwire: the thermal conductivity ofthe copper alloy wires; 
2rNTC = 2.4 mm; 
2rwire = 0.21 mm; 
Lwire = 15 mm; 
NuNTc: the Nusselt number of a sphere in a free stream, estimated as [DON95]: 

Nu NTG= 2+ ( 0.4Re~+0 .06Re~ )Pr0
·
4 (valid tor Re2, < 7·104

) . 

For the Reynolds number we find (with u = 1 m/s): 

Re = u2r p = 1·2.4 ·10-3 ·1.15 = 162 . 
2r µ 1. 7 ·10-5 

This gives, with Pr= 0.74 tor nitrogen, 
NuNTC = 8.1. 

(4.1) 

(4.2) 

The only problem is the value of Àw;re: the supplier of the NTG's mentions that the wires are made 
of a copper alloy, to reduce thermal conductivity, but no value of Àwire is available. For pure 
copper, À= 390 wm-1K·1, but for common copper alloys A ranges trom 60 to 130 wm-1K-1

. We 
find: 
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Table 4.1 Estimate of the ratio of temperature differences between the flow, the NTC 
sensor and the chamber wall ( u = 1 m/s assumed). 

A [W m·1 K-1
] 

Tgas -TNTC systematic error: ( T9as - T NTd [K] 

TNTc-Tw for (TNTC - Tw) = 0.5 K 
390 (copper) 4.9 2.45 
130 (alloy) 1.6 0.8 
60 (alloy) 0.8 0.4 

The values of the temperature ratios in Table 4.1 are calculated with the assumption that 
u = 1 m/s. This assumption is correct tor a flow that is settled over the complete cross section of 
the chamber. lt must be emphasized that the conditions in this calculation describe a worst case 
scenario: Conductivity through the wires is estimated very high, heat contact between gas flow 
and NTC's surface is estimated very low (low velocities result in low Nusselt numbers). 
On the other hand, if the NTC is situated in a jet coming trom the exit of the capillary, the velocity 
will be much higher and heat contact between the gas and the NTC's surface is improved. This 
implies other values tor bath Re and Nu. For u = 200 m/s, we find tor copper (A = 390 wm-1K\ 

T -T-.-c 
Re= 32·1d3, Nu= 120, gas N, =0.33. 

TNTC- Tw 
From the values found in Table 4.1 it can be concluded that the temperature that is measured by 
the NTC may be heavily influenced by conduction through its wires. However, the magnitude of 
this effect is difficult to estimate, with the local flow velocity and the conductivity of the wires being 
unknown. 
The thermal balance of an NTC that is given above, can be improved by taking into account the 
convection of heat around the wires 1. Convection will adjust the temperature of each wire towards 
the temperature level of the gas, and thereby decrease the influence of a deviating wall 
temperature. 
The effect of heat contact between the chamber wall and the temperature sensor is believed to 
be of minor importance. This hypothesis is based on experimental results: in the upstream 
chamber local gas velocities will be smaller than in the downstream chamber (due to higher mass 
density and more uniform flow at the entrance). This would make the heat contact between the 
NTC and the gas worse in chamber 1 and the effect in question strenger. However, the 
experiments with capillaries (Figures 4.1, 4.2, 4.5 and 4.6) show that the measured values of T0, 

do not show any significant deviations, although the wall temperatures vary about half as much 
as those of chamber 2. 

4.3. Capillaries with D = 1.1 mm 
In Figure 4.5 and Figure 4.6 the results are shown of the experiments with the capillaries with 
smaller diameter (0 = 1.1 mm). These two figures sketch a picture that is similar to what was 
found in section 4.1. These experiments on capillaries of an other diameter, are done because at 
similar pressure drops, very different flows are expected to be found. lt is useful to determine 
whether therm al effects in these capillaries are very different to those in the first two capillaries. 
All temperatures T2 measured in the downstream settling chamber follow the trend of cooling, due 
to the Joule-Thomson effect. In these experiments the temperatures T2 are even found between 
the temperature tor an adiabatic real gas flow, TJT, and the temperature T0" meaning they satisfy 
the theoretica! model, given in chapter 2. 
However, these results have to be interpreted with great care. In the same way as first found in 
section 4.1, and discussed in section 4.2, the temperature measurements in the downstream 
chamber will be influenced by the wall temperature or thermal effects due to high velocities in a 
flow jet. 

1 Comparison of the convection around the wires to the conduction through the wires, can provide 
a thermal penetration length, i.e. a measure for the distance at which the wall temperature still 
influences the wire temperature. 
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From these graphs it can be seen that the temperature of each chamber wall decreases, as the 
pressure drop over the capillary increases. This decrease in temperature is of the same order of 
magnitude as the Joule-Thomson effect. For the downstream chamber, this is in agreement with 
what is expected: the wall attains the local total temperature of the flow. For the upstream 
chamber a temperature equal to T0, would be expected. 
Summarizing, we can say that the first experiments indicate the presence of the Joule-Thomson
effect, but no conclusions of high accuracy can be drawn from these measurements. 

Estimated temperatures and experimental data 
at the outlet of a capillary {800mm * 1.1 mm) 

295.0 [·~-~~~-----~---········· - - - -~·- · ·············-~-~~~---- ---~ 

~ 
~ 
:i 

294.5 

~ 294.0 
GI 
a. 
E 
~ 

293.0 

0 

x 

' 
~ 

' 
\._ 

\._ 

x 

~ 

S( 
x 

'\ 
\ 
\ 

\ 
2 3 4 

P1 - P2 [bar] 

5 

1-+-TJT 
Taw 

·· · · · ·T Or avg 

X TOr 

X T2 1 
1 11 Tw.ch.1 

o Tw.ch.~ 

Figure 4.5 Results of 4 experiments with a capillary of 800 mm * 1.1 mm. (Mass flows: 5.6, 
8.8, 12.1, 15.3 1,/min. Note that these flows are considerably smaller than those in the 
larger diameter capillaries of Figure 4.1 and Figure 4.2.) 
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Estimated temperatures and experimental data 
at the outlet of a capillary (400mm * 1.1 mm) 
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Figure 4.6 Results of 4 experiments with a capillary of 400 mm * 1.1 mm (mass flows: 6.0, 
9.6, 13.2, 16.8 1,/min). 

Temperature measurements along the wall of the capillaries 
In the eight experiments shown in Figure 4.5 and Figure 4.6, not only the temperatures in the two 
settling chambers have been measured, but eight more NTC's, connected to the outside of the 
capillary wall, measured the wall temperature as a function of the axial coordinate x. Figure 4.7 
and Figure 4.8 show the results of two of these experiments, the results of all eight experiments 
can be found in Appendix E.3. In these graphs the results of one experiment are shown, together 
with a line T aw and a line T aw+JT. 
T aw represents the adiabatic wall temperature as found in section 2.4 tor an ideal gas. This 
implies that T aw tor an ideal gas in the downstream chamber (x = 0.80 m) equals T0,, the total 
temperature of the flow in the upstream chamber (Mis assumed to be 0 at x= 0.80 m). 
T aw+JT represents the adiabatic wall temperature with the Joule-Thomson effect added to it. In 
order to calculate the Joule-Thomson effect, the axial pressure distribution p(_x) was found trom 
equation (2.30). 
Because the flow inside the capillary tor all pressure level settings is turbulent (Reynolds numbers 
are given in appendix B), heat contact between the wall and the flow will be optimal. Therefore 
the temperature of the inner side of the wall will be close to the temperature of the gas at the wall. 
Secondly, the axial wall temperature distribution is expected to follow the gas temperature more 
closely, if the wall thickness is smaller. In case of a thick metal wall, heat conduction in the wall in 
axial direction will have a larger influence on the temperature of the outside of the capillary wall . 
The capillaries in these experiments have a wall thickness of 0.2 mm and inner diameter of 1.1 
mm, meaning the walls are relatively thin. Based on these data we expect that the measured 
temperatures at the outside of the wall will be close to the local flow temperature at the wall. 
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Temperatures along the capillary wall; 
p1 - p2 = 2 bar 
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Figure 4.7 Temperatures at the capillary wall , fora capillary of 800 mm* 1.1 mm and 
P1 - P2 = 2 bar (mass flow: 8.8 l,/min). 

Temperatures along the capillary wall; 
p1 - p2 = 4 bar 
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Figure 4.8 Temperatures at the capillary wall, fora capillary of 400 mm * 1.1 mm and 
P1 -P2 = 4 bar (mass flow: 16.8 1,/min). 

Figure 4.7 shows the results tor an experiment with a long capillary at a moderate pressure drop. 
This implies the nitrogen flow through the capillary is relatively low, 8.8 1,,/min (or 1.8· 10-4 kg/s). 
The figure shows that the measured wall temperatures are in good agreement with the expected 
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temperature distribution Taw+JT· The differences of the last two data points (0.65 m and 0.78 m) 
with the expected values are 199 mK and 196 mK. 
Figure 4.8 shows the results tor the short capillary at a high pressure drop, implying a much 
higher flow of 3.5·10-4 kg/s (16.8 1,,/min). In this experiment we find that the measured wall 
temperatures deviate more trom the expected temperature distribution, compared to the first 
experiment (Figure 4.7). Temperature differences tor the last two data points (x = 0.35 m and 
0.39 m) are in this case 820 mK and 2050 mK. This trend is tound in all eight experiments (see 
appendix E): at higher flows the measured temperatures deviate more trom the predicted 
distribution, especially towards the end of the capillary, where the temperature decreases most. 
This can be explained by heat conduction through the capillary wall , which transports heat trom 
the chamber wall, to the flow in the last part of the capillary (as described in section 4.2 and 
depicted in Figure 4.3). This effect (an increased temperature of the capillary wall and a 
decreased temperature of the chamber wall) becomes more important with increasing mass flow. 
Larger mass flows are tound at larger values of the pressure drop over the capillary, tor a shorter 
length of the capillary and tor a larger diameter. 
By comparing Figure 4.7 to Figure 4.8, we see another deviation that is reproduced in all eight 
experiments: the measured temperature decrease at the inlet of the capillary is larger than 
expected tor the 800 mm capillary, yet tor the 400 mm capillary it is in good agreement with the 
theory. Since this occurs in all experiments, the cause of this effect could be tound in the 
geometry of the inlet of the langer duet. lmperfections in the construction can have a large impact 
on the pressure drop that occurs over the entrance of the duet. In future investigations, the 
influence of deviations in the construction could be easily checked by using another capillary of 
the same dimensions, or by connecting the same capillary backwards. 

4.4. Heat exchange at various Tor levels 
The effect that the temperature difference, between the gas flow and the air surrounding the 
capillary, has on the amount of heat that is added to the flow, is investigated in the tollowing three 
experiments. The insulation material and lens cooler have been removed in these experiments 
and the initial gas temperature has been set successively to T0, = 1TC, 22·c and 2TC. The 
results of these measurements are given in Figure 4.9. All temperatures have been plotted 
relative to the measured T0,-level of the experiment in question. 
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Figure 4.9 Wall temperature measurements on a capillary of 400 mm * 1.1 mm at various 
reservoir temperatures Tor (mass flow: 9.6 l,,/min). 

The first striking feature in Figure 4.9 is the tact that the largest temperature change occurs 
immediately at the inlet of the capillary. This is caused by the tact that the settling chambers are 
not insulated in these experiments, and the largest temperature differences between the gas and 
the ambient occur in chamber 1. Furthermore the trends of the data are as expected: over the 
length of the duet the "cold flow" (Tor= 17°C) picks up some heat and the "warm flow'' (Tor= 27°C) 
loses heat to its environment. Because of the large temperature changes at the first part of the 
flow, it is not possible to come to accurate conclusions. 
From the temperature differences between the first and last sensor at the capillary wall (position x 
= 0.015 and x = 0.39) we can make an estimation of the heat that is picked up. 
Table 4.2 first shows the temperature differences between the first and last NTC. According to the 
model of chapter 2, this temperature change would in the adiabatic case have to be -2.237 K 
(including the Joule-Thomson effect) . The third column, ó T(Q), gives the difference between the 
measured temperature drop (in the second column) and this theoretically calculated value. lt is 
assumed that this difference is caused by a heat flux Q. The last column gives this heat flux, 
based on a flow of 2.0-10·4 kg/s (= 9.61,./min) and Cp = 1040 J kg-1K·1

_ 

Table 4.2 Heat exchange calculations over the length of the capillary. 

T(0.39) - T(0.015) ó T(Q) [K] Q (x = 0.015 .. 0.39) 
experiment [Kl rw1 
Tor= 17°C -0.210 1.674 0.35 
Tor= 22°C -0.658 1.226 0.26 
Tor= 27°C -1.356 0.528 0.11 

Although no accurate conclusions can be drawn, it is at least shown, that heat leads to a gas flow 
in a capillary at moderate conditions can lead to significant temperature changes of the gas. Once 
again, we see the largest changes in temperature take place in the first and last segment of the 
duet. This confirms the assumption that there is heat flowing trom the chamber wall through the 
capillary wall to the gas flow. 
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4.5. Orifices 
Besides on capillaries, temperature measurements were done on critica! orifice restrictions. The 
results of the orifice with an inner diameter of 611 µm are shown in Figure 4.10. The results of all 
three orifices can be found in appendix E.4. 
This graph shows that the gas temperatures in chamber 2 are just above the adiabatic flow 
temperatures, plotted in the graph by the Joule-Thomson line. This means that the flow is indeed 
nearly adiabatic in this case and the measurements are consistent with our model. Figure 4.1 O 
also shows that the measured wall temperatures of chamber 2 are almost equal to TJT, as may be 
expected according to our model. However, temperature differences between T2 and the 
chamber wall can still influence the measurements. 
The measurements with the other two orifices give a similar picture: the gas temperature in 
chamber 2 is always lower than T0" but the decrease is less than the Joule-Thomson effect. From 
this we conclude the temperature change in this case, is a result of Joule-Thomson cooling and 
heat addition, as was predicted by our model. 
lf we compare the measurements with orifices to those with capillaries, we see that the difference 
between the wall temperature and gas flow temperature in chamber 2, is smaller in the 
experiments with the orifices. This can be explained as fellows: The orifices are placed in a duet 
with a relative large diameter (0.5 inch == 13 mm). When the gas passes the orifice, there will be 
no large flow velocities at the wall of this duet. This makes heat transport trom the chamber wall 
through the wall of the duet to the gas flow very small. 
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Figure 4.1 O Results for the orifice with D = 610.94 µm (mass flows: 8.0, 12.8, 22.4 l,/min). 

With the largest orifice (D = 1084 µm) two more experiments have been done with a different 
upstream total temperature Tor· This has been done to investigate the influence of the 
temperature difference between the gas flow and its environment on the heat flux to (or trom) the 
gas flow. The results of these experiments can be found in Figure 4.11. This graph shows that 
there are no significant differences found in the temperature change ( T2 - Tor) between the three 
experiments. This confirms the expectation that there is no significant heat addition to the flow 
when an orifice is used. The small differences between the three experiments that are in tact 
found , still are consistent with what may be expected: the gas flow at the highest temperature 
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leaves the restriction relatively colder than in the 22°C experiment, and the flow at the coldest 
temperature leaves the restriction relatively warmer. 
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Figure 4.11 Results for an orifice with D = 1084 µm, for various Tor settings (17.1 'C, 21.9"C, 
26.TC) at p1 - p2 = 2 bar (mass flow 34.3 1,/min). 

4.6. Heat conduction through the capillary wall (revisited) 
Now that all experiments have been described and their results have been presented, the 
occasion arises to return once more to the discussion on heat transport through the capillary wall. 
In section 4.2 it has been described how the measured temperatures of the settling chamber wall 
deviate trom what is expected. Heat transport trom the settling chamber wall , through the 
capillary wall towards the gas has been discussed. Cooling of the chamber walls in this way, is 
proportionate to the mass flow passing through the capillary. 
The mass flow is representative tor the average velocity of the gas in the last segment of the 
capillary. This is due to the tact that the pressure and mass density of the gas, is in all 
experiments the same in chamber 2. For 20 experiments (T0, = 22°C) the difference between the 
chamber wall temperature and the expected temperature (Tw.ch 2 - TJT) has been plotted versus 
the mass flow in Figure 4.12 below. 
The data points are presented in the three usual groups: the large and small diameter capillaries 
and the orifices. All the data points corresponding to capillaries seem to indicate a linear relation 
between mass flow and the deviation in wall temperature trom what was expected. The data 
points correspond ing to the orifices do not indicate a proportional relation . In tact, they are almost 
all tound near 0 K, meaning these wall temperatures are close to the expected values. This is 
explained by the tact that the orifices are placed in a duet with a relatively large diameter, in 
between the settling chambers. Flow velocities and temperature gradients at the wall of the duet 
are theretore small. 
The results presented in this last discussion make our hypothesis very plausible: large velocities 
in the capillaries cause low gas temperatures. The gas flow then picks up heat trom the capillary 
wall and conduction of heat through the capillary wall cools down the settl ing chamber wal l. The 
cooling capacity of this effect is related to the mass flow passing through the capillary. A similar 
ind ication of velocity-related temperature deviations was not found tor the upstream chamber. 
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Wall temperature of chamber 2 (relative to TJT) vs. mass flow 
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Figure 4.12 Wall temperatures of chamber 2 relative to the expected temperature TJT 

versus the mass flow. Data from all the 22°C measurements are used (4 capillaries and 3 
orifices). 

37 



38 



5. Conclusions and recommendations 

The theoretica! investigations 
In chapter 2 an analysis of compressible pipe flows has been given, that gives "new" insights 
on therm al effects in such flows. (At least, these insights are new tor the C& T-group at 
ASML.) This is of great practical use tor the analysis of purge systems, where capillaries and 
orifices are used at the conditions as they were considered. In section 2.5 all thermal effects 
are summarized once more and the total thermal effect in a pipe flow is estimated as the sum 
of the several distinct effects, since all these effects are relatively small. Chapter 2 thus gives 
a powerful basis to estimate the boundaries of the thermal effects: in an adiabatic pipe flow of 
a real gas, the change in total temperature will be determined by the Joule-Thomson effect, 
which can be calculated with use of the Joule-Thomson coefficient, or by use of an accurate 
equation of state. The maximum amount of heat will be added to or removed trom the gas if 
the condition of an isothermal wall is applied. 
Besides that, the theory describes a method to calculate the axial velocity distribution in 
viscous pipe flow. Due to friction the entropy of the flow will increase in downstream direction, 
causing the local velocity to increase as well. However, it has been demonstrated that the 
flow velocity at the outlet of the duet, can not increase beyond the value of the local velocity of 
sound. In that case, choking will occur. Decreasing the downstream pressure further once the 
flow is choked, does not affect the pressure drop over the length of the duet anymore. In that 
case, the mass flow through the duet has become directly proportional to the upstream total 
pressure. 
The combination of the analysis of the axial velocity distribution in a Fanno flow (described in 
section 2.3) and the analysis of the temperature distribution in a cross section of the duet 
(section 2.4) gives a basis tor the calculation of the heat fluxes entering (or leaving) pipe 
flows. 
• The adiabatic wall temperature Taw. together with the conductivity of the capillary wall and 
the ambient temperature, can give the input tor an analysis of the heat flux related to the axial 
coordinate x in a capillary. 1 

Chapter 2 mainly described the situation of a flow in a capillary tube. The problem of 
compressible flow through a critica! orifice restriction, has been approached as the limiting 
case of a duet with zero length. In that case the Joule-Thomson effect is retrieved as betore, 
but there is hardly any surface area available tor heat to be exchanged. lt has theretore been 
assumed that the flow through an orifice would be a better approximation of adiabatic flow, 
than the flow through capillaries. This assumption has been confirmed experimentally. An 
example of the advantages of this description of an orifice, is that the pressure ratio, trom 
which on the flow through an orifice is choked, can be directly taken trom Figure 2.6. 

The recovery effect that occurs in the temperature profile of boundary layers and the Joule
Thomson effect, can both be applied to a larger range of interest, than just to compressible 
flows in capillaries. The Joule-Thomson effect will be present in all pressure reductions, 
although its magnitude will sometimes not be significant. In principle in every boundary layer 
in a gas flow, the recovery effect will be tound in the temperature distribution. This means tor 
the description of gas flow problems occurring in practice, that similar analyses can be made, 
based on this recovery effect: 

tor purge systems, in which capillaries and orifices are used; 
tor clean air systems, in which mass flows are much higher, dimensions of the ducts are 
larger, and temperature requirements are also very strict; 
and also tor temperature measurement analyses: the recovery effect is also tound on the 
surface of temperature sensors in a flowing medium. 

lt should be noted that the expression tor the recovery factor depends on the Prandtl number 
of the gas and on whether the flow is turbulent or laminar. Reynolds numbers can attain 

1 In this chapter the symbol • indicates a recommendation tor future investigations or 
improvements. 
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values in a wide range, tor flows around temperature sensors, through small flow restrictions 
and through large gas supply systems or clean air systems. 

Summarizing, chapter 2 gives new and important insights on thermal effects in compressible 
gas flows, that can be applied to a wide range of flow analyses. 

The experiments and experimental results 
The experiments show that the temperatures downstream of the restrictions are near the 
values, that are induced by the Joule-Thomson effect. We have tound strong evidence that 
the Joule-Thomson effect must be taken into account in flow problems at the typical 
conditions of this study (a nitrogen flow with temperatures in the range of 290 - 300 K, 
pressure levels ranging from 1 to 5 bar). This conclusion applies tor capillaries as well as for 
orifices. 
The temperature measurements along the capillary wall show a clear consistency with the 
predicted temperature distributions, based on the axial velocity distribution and recovery 
effect in boundary layers, as tound in section 2.3 and 2.4. The experiments thus confirm the 
theory. 
At the end of a capillary, velocities are expected to approach the value of the local velocity of 
sound at certain (relatively high) settings of the upstream pressure level. This large velocity 
increase towards the end of the duet induces a large decrease in the adiabatic wall 
temperature of the duet. This decrease was not detected in the experiments, most likely 
because of heat conduction through the capillary wall in axial direction. Most of the heat, that 
is conducted in this way, is removed from the wall of the settling chamber. This wall is a large 
piece of aluminum, which thus serves as a large, conducting heat sink. The cooling capacity 
of this effect, depends on the mass flow passing through the capillary. This proportionality 
was indeed detected experimentally, as shown in section 4.6. 
The temperature measurements, downstream of the flow restriction, were not as accurate as 
first assumed. However, they have confirmed the expectation that heat exchange is of much 
smaller magnitude tor critica! orifice restrictions than tor capillary tubes. 

On the design of the setup the following remarks can be made: lt was tound that the 
temperatures of the walls of the settling chambers were in almost all the experiments lower 
than expected. This implied that the temperature differences between the wall and the flow 
were larger than expected, having a direct influence on the NTG sensors suspended inside 
the chamber. 
• The experiments demonstrated that conduction of heat from the settling chamber walls to 
the capillary walls plays a significant role. Theretore the heat contact between these walls 
should be decreased. This could be done by using plastic couplings between the capillary and 
the settling chamber, or maybe by making the settling chambers (partially) of plastic. This last 
option certainly decreases conduction through the chamber wall towards the capillary. But 
furthermore, measuring the temperature on the outside of a plastic wall gives less 
representative values tor the wall temperature on the inside. 
Evidence has been tound that the temperature measurements inside the settling chambers 
(especially in the downstream chamber) are affected by the presence of a jet where the gas 
flow enters the settling chamber. This will directly affect the temperature measurement if the 
temperature sensors are positioned in or near this jet. First, the high flow velocity in a jet will 
cause a decrease in gas temperature, causing an error in the measurement. But secondly, if 
the NTG sensors are placed in or near a jet, the heat contact between the sensor and the flow 
is improved. This will have a positive effect on the measurement. 
• Which effect has more influence and if jet tormation should therefore be prevented or not, 
should be investigated tor future temperature measurements in gas flows. 
Jet tormation will be of minor importance in the upstream chamber, because 

the upstream pressure level is higher and this implies a higher mass density of the gas 
and therefore lower velocities, compared to downstream conditions; 
the entrance of chamber 1 is much larger than that of chamber 2, what reduces the 
impact of jet formation. 

• Besides capillaries and orifices, similar experiments must be done with "filter-type flow 
restrictors". lt is expected that there will be no flow jets formed in the downstream settling 
chamber, when these filters are used. Although it is not clear that jet tormation is the 
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dominant factor that affects the accuracy of the experiments in this study, it will in any case be 
recommendable to test these filters, because they are another alternative flow restriction. 
• lf it would be determined that it is favourable to prevent jet formation, then the 
experimental setup can be improved by "redesigning" the settling chambers: probably a small 
plate or a piece of wire gauze placed at the entrance of the chamber will make a satisfying 
improvement. lt is important that inside a settling chamber, the flow is indeed being settled, 
i.e. brought to (almost) stagnant conditions. 
• Furthermore, insulation of the setup can still be improved. Most of the experiments 
indicate that heat addition to the gas particularly takes place in or near the settling chambers. 
The connection of the first chamber to the heat exchanger is the worst insulated part of the 
setup and can be improved. 
The experiments with a capillary with initial flow temperatures of 1 ?°C and 27°C also showed 
that most of the temperature increase of the flow took place in or just behind the first settling 
chamber. This however, can simply be explained by the fact that these experiments were 
done without insulation material. Therefore the largest temperature difference between the 
gas and the ambient, existed in the upstream settling chamber. 

Overall it can be concluded that measuring temperatures in gas flows at an accuracy in the 
order of 10 mK, is nota trivial process. Great care must be taken in analyzing the temperature 
that the sensor will attain. Mainly because the heat contact between the flow and the sensor 
is relatively bad, the influences of other heat fluxes on the sensor's temperature are equal in 
magnitude. 
• For future, similar experiments on this subject, a thorough analysis of the heat balance of 
a temperature sensor in a gas flow has to be made. This analysis must be more elaborate 
than the one presented in section 4.2. In that section we assumed that the dominant heat 
fluxes are heat convection at the surface of the sensor and conduction through its wires. 
Besides that, one of the terms that must be taken into account would be the convection of 
heat around the wires, and perhaps heat transport by means of radiation. (A similar analysis 
has been made by G. Kooijman in [K0001], but his analysis does not account for sensors, 
suspended in a gas flow.) 
Amore thorough heat balance of the NTC sensor in a gas flow will clarify if conduction of heat 
through the sensor's wires is a significant error source. lf so, then conduction has to be 
minimized. 
• Experiments in which the length of the sensor's wires inside the settling chamber is 
varied, could make this matter more clear. One way of minimizing conduction through the 
wires of the sensor, is by enlarging the length of the wires, because the thermal resistance of 
the wires is directly proportional to this length. Furthermore, longer wires provide a larger 
surface area for convection, so that the temperature of the wires is better adjusted to the low 
temperature. 
A last remark on the conduction through the sensor's wires, concerns the following: the 
supplier of the NTC sensors mentions that various materials are used for these wires: nickel 
plated and tin plated copper, and (plated) copper alloys for reduced thermal conductivity. 
• In order to optimize the measurements it has to be retrieved what material is in use at 
present and what its thermal conductivity (A [W m·1K1

]) is. The alternatives will have to be 
considered as well. 

41 



42 



6. Acknowledgements 

At this place, 1 would like to thank all the people that contributed in making this graduation 
project possible and in helping me complete it. 

First of all, 1 would like to thank my two supervisors on this project: Jeroen Mertens and 
Professor M. van Dongen. 
Jeroen, 1 had a great time werking with you at ASML and 1 would like to thank you tor 
everything: tor all the discussions we had on whatever 1 put on paper, tor the help on 
designing the setup and tor showing me all the routines of "just another day at ASML". 
Furthermore, 1 want to thank you tor the time you showed me how to connect the 
"schakelstang" to the "schakelhefboom" in my car, so that 1 could get back home again". 
Professor van Dongen, without your support and guidance 1 could not have completed this 
project in the way 1 did. 1 would like to thank you tor all the fruitful discussions we had on the 
theoretica! investigations of this study and tor your directions on which subjects to investigate. 
Also, your help in the analysis of the experimental results, based on other experiences and 
therefore an other point of view, has been of great value. Furthermore, 1 could not have made 
this report to what it is now, without all your corrections and tips on writing it (1 remember 
hearing you say something like: we are all just amateurs in writing English). 

1 want to express my gratitude to Marcel Muitjens and Leo Nijssen, tor giving me the 
opportunity to do my final project with the C& T (System Analysis) group at ASML. This project 
gave me some good experiences in werking in industry. Furthermore, 1 would like to thank 
Marcel tor granting me extension of my stay to finish the project at ASML. 
Next, 1 would like to thank Harm-Jan Voorma, tor putting all my orders tor new equipment on 
the budget of the AT/1600 illumination project. 
And then, 1 thank Edwin, Nicolas, Peter-Paul, Ton and all the others at the C&T System 
Analysis group, tor sharing their knowledge and experience in discussions on theoretica! 
issues, and their help in designing and building my setup. Besides that, 1 would like to thank 
all the "C& T-ers" tor the nice time at ASML. 
Others who 1 would like to thank tor a nice time, are the colleagues of room 7e0.005 where 1 

worked tor the langer part of my time at ASML. 

The first intormal contacts that finally resulted in an offer trom ASML to do this graduation 
project, were made by Addo and Peter-Paul, tor which 1 thank them both a lot. Then 1 thank 
my parents tor all their support, which you tend to take tor granted too easily, but which was 
always there. Of course 1 thank all my friends tor all the fun we had during my studies. And in 
particular 1 would like to express some special thanks to "my mental coach" Marjolein, tor all 
the support she gave me when necessary during this last year and betore, especially in times 
when 1 had difficulties in finding the motivation to concentrate on my studies. 

Frank Hammen 

43 



44 



Appendices 



Appendix A. Calculation of CJr from the Van-der-Waals equation 
of state 
To illustrate the usefulness of equations (2.18), (2.19) and (2.21 ), an equation of state can be 
substituted in one of these equations, resulting in a value for CJT· The Van-der-Waals (VdW) 
equation of state is defined as 

RT a 
p= J__b - (J..)2 . 

p p 

(A.1) 

Although the VdW equation does not give an accurate description of real gas behavior, it gives a 
feeling of how the procedure works and is easy to deal with. Substituting this equation of state 
into (2.21) yields 

-~RT 2a TR 
-'---+--+--

J__ b (i-b)2 (J..)2 _J__b 
p = p p p 

-RT 2a -RT 2a 

TR 

(A.2) 
--~+-- +--
(i-b)2 (J..)3 (i-b)2 (J..)3 

p p p p 

For large molar volumes, i.e. large values for -; , the second term in the denominator can be 

neglected, being divided by the highest power of -; . Both the numerator and the denominator are 

multiplied by c-;-b) 2
' resulting in 

(i-b)2 
-J..RT +2a P + RT(i-b) 

p (il p 
p 

RT 
Again, for large molar volumes, a simplification can be made: 

(i-b)2 
p l -?1, 
(J.. 

p 

(A.3) 

resulting in (e.g. see [HAL88]): 
2a 

CpCJT = RT -b. (A.4) 

By means of this equation the temperature dependence of CpCJT in the low-pressure regime can 
be obtained for gases satisfying the Van-der-Waals equation. Considering the temperature 
dependance of Cp, this gives the temperature dependance of CJT· 

For nitrogen CJT = 0.24 K/bar [SYC87]. We can try to find this value by making use of (A.4). The 
next values for the constants in (A.4) are used [SHA95]: 
ama1(N2) = 136.8 m6 kPakmor1 R 
bma1 (N2) = 0.03864 m3 kmor

1 
T 

M (N2) = 28.013 kg kmor1 

= 8314.34 
=293 

From these molar values the next specific values are calculated: 
a = 174.3 m6 Pa kg·1 

Rsp = 296.8 
b =1.379·10·3 m3 kg·1 

A value for Cp is found using the following expression [SHA95]: 

J kmor1 K 1 

K 

c = R (4.6979-61.676(_!_r1
·
5 +129.02r_!_r2 -98.673(_!_r3 )=1041_J __ 

P sp 100 100 100 kg K 

Substituting all the values found above into (A.4) yields 

c =-
1
-( 

2
·
174

.
3 1.379-10-3)=2.53·10-6 ~=0.253~. 

JT 1041 296.8 · 293 Pa bar 
This result is a fair approximation of the value 0.24 K/bar, given by V. Sychev [SYC87]. 
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Appendix B. Compressible flow in a capillary 

Appendix 8.1. Deduction of equation (2.27) 
For the deduction of equation (2.27), we follow J.A.Owczarek [OWC64]. 
The momentum equation is written as 

Apu-du=-A·dp+dF1 , (B.1) 
with F, the magnitude of the surface forces acting along the wall of the duet, in a direction 
opposite to that of the flow, due to the effect of viscosity of the gas. In this equation 

dF1 =rC·dx 

with rthe tangential stress at the wall and C the wetted perimeter of the duet. Since the direction 
of ris opposite to that of the velocity, r< 0. 
By definition, the friction coefficient f equals 

1-f=--T-
4 ~pu2 

and the hydraulic diameter D is 

D= 4A. 
c 

With these definitions, (B.1) becomes 

d d 1 2 fdx p+pU· U=-2pu · -. 
D 

(B.2) 

Next, with c2 = yp and M =!!_,and after dividing by p, the following preliminary result is found: 
p c 

dp + yM2 du + 1- yM2 . f dx = 0 . 
p u 2 D 

(B.3) 

The next step will be to rewrite (B.3) in terms of M. This is done by use of the following 
expressions [OWC64]: 
the continuity equation 

dp +du =O; 
p u 

the energy equation (2.25) in terms of Tand M, which yields after differentiation: 
dT _ (r-1)M·dM. 
T- 1+ r-1 M2 ' 

2 

the equation of state 
dp dp dT 
-=-+-; 
p p T 

d h d f. . . f M u . de dT an t e e 1nit1on o = - , using - = - : 
c c 2T 

(B.4) 

(B.5) 

(B.6) 

dM dT du 
-+-=-. (B.7) 
M 2T u 

Substituting (B.4), (B.6) and (B.7) into (B.3) yields 

- dM + dT +rM2(dM + dT)+.1.yM2 .f dx =0. (B.8) 
M 2T M 2T 2 D 

Then (B.5) is substituted in (B.8), the first three terms are reduced to the same denominator and 
added. By these steps the momentum equation is expressed as 

f dx = 2(1- M
2 

). dM . (B.g) 

D yM3(1+ r;1 M2) 
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This last equation can now be integrated between local flow conditions at an arbitrary point and 
the conditions corresponding to the attainment of sonic flow, i.e. the critica! flow conditions 
(denoted with the superscript*). This integration then results in equation (2.27): 

xr· f dx' = Mr 2(1- M'2 ). dM' 

x=x 
0 

M'=M rM'3(1+ r;
1 
M'2 ) 

f(x*-x) 1-M2 y+1 r;1 
M

2 

~-~=--+--In . 
D '}M2 2y 1+ r;1 M2 

(2.27) 

Appendix B.2. Procedure for the calculation of the Mach number 
distribution in compressible pipe flow 
The procedure of calculating the velocity distribution of a flow, using the theory of section 2.3, is 
as follows. 
1. First assume the entrance flow is isentropic up to position 1 , and so the total pressure is 

constant over the in let region of the duet: Po1 = 1 . 
Por 

2. Estimate a value for Mt. 

3. From equation (2.27), calculate t(x* ;x1
) ;(y can be found in literature; for N2: y = 1.4). 

4. From equation (2.29), calculate <t>RTo . By looking up this value and the correct pressure 
Por Co 

ratio in Figure (2.6), it can be deduced whether the flow is choked or not. 

5. Calculate tl . Since f depends on the Reynolds number, its value may have to be adjusted if 
D 

the value of the mass flow turns out to be different than was assumed. For turbulent flow in a 
smooth duet, f can be determined using the von Kármán-Nikuradse formula (see [OWC64] or 
[BEN83]): 

J, = 2 /og10 (Re0 .Jt)-0.8 . 

6. Determine the value f(x*-x2 ) trom (2.27). lf t(x*-x2 ) >0 the flow is wholly subsonic (or 
D D 

M2 < 1 ), proceed to 7. lf f(x* ;x2 ) < 0 the flow is choked (meaning M2 = 1 ), proceed to 7a. 

7. Calculate M2 trom equation (2.27). 

8. P2 follows trom equation (2.30) and M2. 
Por 

9. This result gives <t>RTo as a function of P2 . lf, as in this case, the flow is not choked, p2 
Por Co Por 

must be equal to the ambient pressure Pa. into which the fluid flows out. lf this condition is not 
satisfied, the value of M1 and maybe f may have to be adjusted (in that case: return to step 
3.). 

1) M2 = 1, because the flow was found to be choked. 

2) Calculate t(x* ;x2 ) by substituting the length of the duet L = (x1 - x2). 

3) From equation (2.27), M1 can be calculated. 
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4) 
<t>RT, 

Calculate --0 for M1 trom (2.29). 
Por Co 

5) With equation (2.30) and M2 = 1, P2 is found. Since the flow is choked in this case, P2 

Por 
will be larger than Pa· This pressure difference results in a shock wave behind the outlet of the 
tube. 

Results 
L [m] 0.8 

D [m] 0.0011 
A [m~] 9.50E-07 

R (N2) [J/kgK] 296.8 

To [K] 295 

p (295K, 1 bar) [kg/m;:s. 1.15 

c0 (295K) [m/s] 350 

P1 [bar] 2 3 4 5 

Pa [bar] 1 1 1 1 

f [-] 0.033 0.029 0.026 0.025 

mass-flow [kg/s] 1.1 E-04 1.9E-04 2.7E-04 3.5E-04 

M1 [-] 0.144 0.166 0.176 0.182 

Re= pVD/µ [-] 7510 12984 18336 23688 

fUD [-] 24.29 20.99 19.24 18.07 

M2 [-] 0.28 0.48 0.66 0.83 

P2 [bar] 1.000 1.000 1.001 1.000 

L [m] 0.4 

D [m] 0.0011 
A [m~] 9.50E-07 

P1 [bar] 2 3 4 5 

Pa [bar] 1 1 1 1 

f[-] 0.030 0.026 0.024 0.023 

mass-flow [kg/s] 1.59E-04 2.69E-04 3.75E-04 4.58E-4 

M, [-] 0.208 0.234 0.245 0.250 

Re= pVD/µ [-] 10826 18316 25553 31191 

fUD [-] 10.98 9.62 8.87 8.46 

M2 [-] 0.40 0.65 0.86 1 

P2 [bar] 0.996 1.008 1.021 1.100 
--

In this last column (referring to p 1 = 5 bar) the flow is choked at the outlet. 
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L [m] 0.8 

D [m] 0.001395 (according to supplier) 

A [m<:'.] 1.53E-06 
P1 [bar] 2 3 4 5 

Pa [bar] 1 1 1 1 

f[-] 0.030 0.026 0.024 0.023 

mass-flow [kg/s] 2.07E-04 3.56E-04 5.01 E-04 6.44E-04 

M, [-] 0.169 0.193 0.204 0.209 

Re= pVD/µ [-] 11141 19140 26898 34603 

fUD [-] 17.20 15.01 13.82 13.03 

M2 [-] 0.32 0.54 0.75 0.94 

P2 [bar] 1.014 1.012 1.004 1.004 

L [m] 0.4 

D [m] 0.001395 (according to supplier) 

A [m<:'.] 1.53E-06 
P1 [bar] 2 3 4 5 

Pa [bar] 1 1 1 1 

f [-] 0.027 0.024 0.022 0.0215 

mass-flow [kg/s] 2.95E-04 4.96E-04 6.87E-04 8.26E-4 

M, [-] 0.240 0.268 0.279 0.2834 

Re= pVD/µ [-] 15838 26603 36863 44326 

fUD [-] 7.86 6.93 6.42 6.16 

M2 [-] 0.45 0.73 0.98 1 

P2 [bar] 1.008 1.011 0.996 1.233 

In this last column (refernng to p1 = 5 bar) the flow 1s choked at the outlet. 
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Appendix C Derivation of Recovery Temperature 
In order to make an analysis of the flow and thermal effects in a capillary tube, we will follow the 
analysis made by Schlichting [SCH79]. Since cylindrical coordinates are most useful for this 
problem, these will be used in this analysis. 
To start with, for the cylindrical tube in this problem, the equations of conservation of energy and 
momentum for an ideal gas can be written as fellows (equations (C.1) and (C.2)). The flow as 
considered is axially symmetrie throughout and therefore independent of the coordinate e. The 
azimuthal velocity w is neglected with respect to axial and radial velocities u and v, meaning 
o = (u, v, 0). The assumption that radial velocity is always much smaller than the axial velocity, 

implies that ap is much smaller than ap: the pressure is approximately only dependent on x. 
ar ax 

The term a
2

~ can be neglected, compared to ]_i_(r aT) Furthermore bulk viscosity is ax r ar ar . 
neglected: 

pcP(u~~+v~~)= itr(rÀ~-~)+µ(~~J +u~~· (C.1) 

p( u~~+v~; )=-~~+ ~ Jr(µr~~} (C.2) 

Then, it is assumed that the temperature only depends on the axial velocity component u of the 
flow, meaning T(x, r) = T(u). This assumption was first used by A. Busemann and L. Crocco, e.g. 
see [SCH79]. With this assumption the energy equation (C.1) becomes: 

pcp(u~r~~+v~~~~)=-it;(rÀ ~:~~)+µ(~iJ +u~~. (C.3) 

Equation (C.2) is substituted in equation (C.3), and the derivative dT is written as Tu, giving 
du 

c T ]_i_(µrau)-c T ap =]_~(rÀT au)+µ(au)2 

+uap. (C.4) 
p u r ar ar p u ax r ar u ar ar ax 

This can be rewritten as: 

-c T ]_i_(µrau)+c T ap+]_~(rÀT au)+µ(au)2 

+uap=O 
p u r ar ar p u ax r ar u ar ar ax 

where 

]_~(rÀTu au)= T ]_~(rÀ au)+À au(dTu au)· 
r ar ar u r ar ar ar du ar 

so that 

[( } l { )2 ap 1 a cpµ au au 
-(u+cpTu)+Tu-- À 1--- -- +(ATuu+µ - =0. ax r ar À ar ar 

(C.5) 

In this last equation the Prandtl number is found: Pr= cPµ . 
À 

A temperature distribution T(u) = T(x, r) will be a solution of equation (C.5), if the following 
conditions are met: 
1. Pr= 1; 

2. for pipe flow ap =1- 0 , therefore ax 
2 

cpT(u)+!:!.__=cpTo ,andinaddition Tu =0 where u=O; 
2 
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u2 
3. ATuu+µ=O => CpTuu+1=0(Pr=1) => CpT(u)+-=CpT0 . 

2 
This solution shows that in a flow with Pr= 1, the temperature T(u) at a certain point in the flow, 

u2 
where the velocity is u, equals the total temperature T0 minus a term In this model, the 

2cP 
temperature at an adiabatic wall always equals the total temperature T0. 

lf Pr -:t- 1, the adiabatic wall temperature Taw differs trom the former expressions. lt was found, 
again see [SCH79], that in this case 

u2 
Taw = Te +free · _e_ · (C.6) 

2cP 

In this last equation the recovery factor free is introduced. In most literature one will find that the 
recovery factor is just written as 'r, but to prevent confusion with the radial coordinate r the 
subscript 'red is added. The recovery factor represents the ratio of the frictional temperature 

2 

increase at the wall (Taw - Te). to that due to isentropic compression, ..!!._. 
2cP 

For laminar flow, it can be deduced that the free equals: 

r ree= for. (C.7) 
For nitrogen, with a Prandtl-number of 0.74, this gives 

r ree= 0.86. 
In turbulent flow, the recovery factor is somewhat larger. In order to express free again in terms of 
the Pr, the best estimate is 

free,tur = Vfi( • 
which then yields tor nitrogen 

r ree,tur = 0.90 · 

(C.8) 
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Appendix D Calibration of NTC sensors 
A brief description of the calibration procedure is given in section 3.3. This calibration gives the 
Steinhart-Hart coefficients A, B and C tor each NTG sensor. The Steinhart-Hart equation states 
that the temperature dependency of the sensor's resistance is expressed as: 

1 R ~ R )
3 

-=A+Bln--+ ln--
T Rref Rref 

(D.1) 

The results of this calibration are given in Table D.1. The first two sensors were used as 
reference sensors (mounted on the heat exchanger and the lens cooler) during the calibration. 
Therefore, these are not calibrated and their Steinhart-Hart coefficients are the nominal values, 
given by the supplier (Bethaterm). 
Figure D.1 shows the plot of the temperatures used in this calibration. The plotted temperatures 
have been calculated trom the measured resistances, using the calibrated coefficients. Then the 
average temperature has been subtracted, giving the result shown in the plot. The graph gives an 
idea of the accuracy of the NTG sensors, after they have been calibrated. 

Table D.1 Steinhart-Hart coefficients for all the calibrated NTC sensors. 

NTC nr: 101 102 103 104 105 
A= 1.129241 E-03 1.129241 E-03 1.109149E-03 1.146531 E-03 1.138681 E-03 
B= 2.341077E-04 2.341077E-04 2.370473E-04 2.311429E-04 2.323393E-04 
C= 8.775468E-08 8.775468E-08 7.841401E-08 1.001360E-07 9.67 4362E-08 
st.dev [mK] not calibrated not calibrated 0.4 0.7 0.6 

106 107 108 109 110 111 
1.125087E-03 1.112840E-03 1.100028E-03 1.142630E-03 1.125735E-03 1.108339E-03 
2.346143E-04 2.366885E-04 2.386468E-04 2.316571 E-04 2.345950E-04 2.376146E-04 
8. 711062E-08 7.866775E-08 7.200875E-08 9.863349E-08 8.588551 E-08 7.336692E-08 
0.4 0.3 0.5 1.0 0.5 0.4 

112 113 114 115 116 117 
1.144266E-03 1.14 7663E-03 1.105457E-03 1.122483E-03 1.116710E-03 1 .129070E-03 
2.316991 E-04 2.309347E-04 2.378314E-04 2.353608E-04 2.359821 E-04 2.343263E-04 
9. 702053E-08 1.017933E-07 7.393002E-08 8.173139E-08 8.17 4697E-08 8.548489E-08 
0.4 0.9 0.4 1.4 1.9 1.7 
118 203 204 205 206 207 
1.131 OOOE-03 1.135468E-03 1.262163E-03 1.278970E-03 1 . 1237 40E-03 1 .207207E-03 
2.338292E-04 2.334385E-04 2.133463E-04 2.107092E-04 2.352161 E-04 2.222709E-04 
8.907615E-08 8. 786033E-08 1.622335E-07 1. 719095E-07 8.160400E-08 1.281647E-07 
1.5 0.7 16 11 1.0 5 
208 209 210 
1.112264E-03 1.436508E-03 1.266728E-03 
2.369871 E-04 1.852981 E-04 2.125549E-04 
7.551444E-08 2.699947E-07 1.656160E-07 
1.3 11 13 
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Deviation of NTC temperature from the average temperature (TNTc -Tavg) 

after calibration 
20 

- T103-T_avg 

i 24C 
- T104-T_avg 

17 c 22 c 27 c T105-T _avg 1 

15 : 
T106-T _avg 

- T107-T_avg 

10 - 1- T108-T_avg 
- T109-T_avg 

5 - T110-T_avg 
- T111-T_avg 

~ 0 
T112-T_avg 

É. T113-T_avg 

"' T114-T _avg 
> -5 T115-T_avg ~ 
0 

- T116-T_avg 
... -10 - T117-T_avg z 
~ T118-T_avg 

-15 
- T203-T _avg 
- T204T_avg 

-20 
- T205-T _avg 
- T206-T_avg 
- T207-T _avg 

-25 - - T208-T _avg 
- T209-T _avg 

-30 - - T210-T_avg 

101 201 301 401 501 601 701 801 

Figure D.1 Plot of the deviation of the temperatures, measured by each NTC during the 
calibration, from the average temperature, using the Steinhart-Hart coefficients, as found 
by this calibration. 
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Appendix E. Graphs of theoretical calculations and of 
experimental results 

Appendix E.1. Overview of estimated temperatures for all 
capillaries, according to the theory of section 2.5. 
In this appendix four graphs (Figure E.1 to Figure E.4) give the estimated temperatures, 
calculated as described in section 2.5, for the four capillaries that are used in the experiments. 
All graphs show the following lines, the same as in section 2.5: 
• T Or The total temperature in the upstream reservoir. 
• T JT The temperature in the downstream reservoir, due to the Joule-Thomson effect in 

an adiabatic nitrogen-flow. 
• T aw The adiabatic wall temperature at the exit of the capillary (without Joule-Thomson 

effect). 
• T isoth.w. The temperature imposed on the flow by an isothermal wal l. The Joule-Thomson 

300 

290 

~ 280 
Q) ... 
::::1 

~ 270 
Q) 
0.. 
E 
{!. 260 

250 

240 

0 

cooling downstream of the capillary's outlet ( CJT ·(p03 - p2) as in equation 2.41 ), 
has been neglected because the pressure differences in question are negligible. 
Only two settings in the Figures E.1 to E.5 correspond to a state of choked flow. 

Estimated temperatures 
at the outlet of a capillary (400mm * 1.1 mm) 

. --- . -. -... . -. -. -- .... . -- -. . -. --. -. .. -. ... .. --. . --.. 

2 3 4 

P1 - P2 [bar] 

5 

1----+=r JT 
1- Tc 

Taw 
T isoth.w 1 

'--- ---Tor 1. 

Figure E.1 Theoretically estimated temperatures for a capillary of 400 mm * 1.1 mm. 
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Estimated temperatures 
at the outlet of a capillary (800mm * 1.1 mm) 

300 
)( 

.. -- . -- ... " .. --- ... ...... .... •. -... . . --.. --.. --.. 
290 

g 280 
Cl) ... 
:::J 
~ 270 +-~~~~~~~~~~~~~~~~-=...,._~~~~~~~~~___..; 

Cl) 
c. 
E 
~ 260 +-~~~~~~~~~~~~~~~~~~~~~-">.,=-~~~~----i 

250 . 

240 

0 2 3 4 5 

p, - p2 [bar] 

-+-TJT 
- Te 

Taw 

T isoth.w 
- - - --- T_Or 

Figure E.2 Theoretically estimated temperatures for a capillary of 800 mm * 1.1 mm. 

Estimated temperatures 
at the outlet of a capillary (400mm * 1.395mm) 

.... "." ... • ........ . .... . .... • ....... .... " . . " .. 

g 280 
Cl) ... 
:::J 

~ 270 
8. 
E 
~ 260 

250 

240 .L-~~~~~~~~~~~~~~~~~~~~~~~~~~~--' 

0 2 3 4 5 

P1 - P2 [bar] 

-+-T JT 

- Te 
Taw 

T isoth.w 
···--· TOr 

Figure E.3 Theoretically estimated temperatures for a capillary of 400 mm * 1.395 mm. 
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Estimated temperatures 
at the outlet of a capillary (800mm * 1.395mm) 

j-T JT 
i - ÎC . " . . . .. . .. . . • . " . . .. . . " . .. " . . • . .. . " . . "." ... ". 

~ ~~:th.w i 290 

g 280 

~ 
::J 

' -1 

1 

~ 270 1--~~~~~~~~~~~~~-----'~~~~~~~~~~~~~-1 

~ 1 

~ 260 f--~~~~~~~~~~~~~~~~~~-"<-~~~~~~~~-ll 

i 
i 

1 240 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~_, 

250 

0 2 3 4 5 

P1 - P2 [bar] 

[· - - - - ·T Or 

Figure E.4 Theoretically estimated temperatures for a capillary of 800 mm * 1.395 mm. 
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Appendix E.2. Axial distributions of Mach number M(x) 
and core temperature Tc(x) 
In th is appendix, the axial distributions of the Mach number M(x) and the core temperature, 
relative to the total reservoir temperature T0,(x), are given for two capillaries (400 mm * 1.1 mm 
and 800 mm * 1.1 mm). These distributions are calculated as described in section 2.3. 

Temperature T JT0(x) and Mach Number M (x) 
according to compressible pipe flow theory 

1.0 -···-------------··--·---- ----····-········-·-····· 1.00 

· ··· ·· M (p1-p2= 1bar) 

· · · · · · M (p1-p2 = 2bar) 

M (p1-p2 = 3bar) 

' · · · · · · M (p1-p2 = 4bar) 

--Te/TO (p1-p2 = 1bar) 

0.8 0 .96 --Te/TO (p1 -p2 = 2bar) 

Te/TO (p1-p2 = 3bar) 

0.6 1-------------------~·-\--'-------1 0.92 --Te/TO (p1-p2 = 4bar) 

_.,, •' 
"· __ "· 

0.4 f--------------~,...-'--,....-'~--~-------1 

-. ----. : : =---~:::: - -. 
! : ! ;: : : : : : : :.·:. ·. - - .. - -

0.2 - ·- · · · · · ···· 

0 .88 

0 .84 

0 .0 _.___ _ ____._ ____ _...... ______________ __, 0 .80 

0 .00 0.05 0 .10 0 .15 0 .20 0 .25 0.30 0 .35 0 .40 0 .45 

Position x [m] 

E 
~ 

._'." 

Figure E.5 Axial distributions of Mach number and temperature in a compressible, ideal 
gas flow (no Joule-Thomson effect), fora capillary of 400 mm * 1.1 mm. 

Temperature TJT0(x) and Mach Number M (x) 
according to compressible pipe flow theory 

1·· · · · · M (p1-p2 = 1bar) 

· · · · ·· M (p1-p2 = 2bar) 

M (p1-p2 = 3bar) 
1

·
0 f~~~~~~~~~~~~~~~====-1 1 ·00 1 - -·· · · M (p1-p2=4bar) 

0.8 

0.6 

0.4 

--------------· -. .. _---. -. -
0.2 :.·.·--.-.·-·.·.-_-:o:-: :-::-:-:::·-.-. !:·::-:.~-::: . - -~- ----=------ --- --. -. -

--TcfTO (p1-p2 = 1bar) 

o.oo /--TcfTO (p1-p2 = 2bar) 

T cfTO (p 1-p2 = 3bar)I 

--Te/TO (p1-p2 = 4bar) 

0.92 

E 
0.88 ~ 

._'." 

0.84 

Q O Q OO 

0.00 0. 10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 

Position x [m] 

Figure E.6 Axial distributions of Mach number and temperature in a compressible, ideal 
gas flow (no Joule-Thomson effect), fora capillary of 800mm*1 .1 mm. 
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Appendix E.3. Results of temperature measurements along the 
capillary wall 

g 
>< ar 

295.0 

Temperatures along the capillary wall; 
p1 - p2 = 1 bar 

.---------------------------1-+- Texp.data[KJ I 
- Taw 

, '.: aw+JT _ J 

294.5 p~±;;::::;;;~===::::;::::.:::::::;;;~=:--------t-----i 

.a 294.0 f----------------------'>------'"<1-----__, 
f! 
G> 
c. 
E 
~ 

293.5 t----------------------- -------< 

293.0 ...__-----'-------'------.1-......-----'-------' 
0.00 0.10 0.20 0.30 0.40 0.50 

Position x [m] 

Figure E.7 Temperature measurements along the wall of a capillary (400 mm* 1.1 mm), 
at P1 - P2= 1 bar. 

Temperatures along the capillary wall; 
P1 - P2 = 2 bar 

295.0 ···········--···--···-······-·--········- ··········-·······-···-······-······--·····--·-··-······--·······--·-····-·---··---------------1-+- T exp.data 1 

293.5 

293.0 

0.00 0.10 0.20 0.30 
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0.40 

1- Taw 
l Taw+JT 

i 

j 

0.50 

Figure E.8 Temperature measurements along the wall of a capillary (400 mm * 1.1 mm), 
at P1 - P2 = 2 bar. 
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Temperatures along the capillary wall; 
p1 - p2 = 3 bar 

295.0 ~---------------------------+- Texp.data 

294.5 

,, 
\ 1- Taw 

[~~~~~~~====:::::=::;;~~~====~~~[~ ~~~~~l_J Taw+JT 
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1 1 
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Figure E.9 Temperature measurements along the wall of a capillary (400 mm * 1.1 mm), 
at P1 - P2 = 3 bar. 

295.0 ~---

Temperatures along the capillary wall; 
P1 - P2 = 4 bar 
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Figure E.10 Temperature measurements along the wall of a capillary (400 mm* 1.1 mm), 
at p 1 - p2 = 4 bar. 
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Temperatures along the capillary wall; 
p, - p2 =1 bar 

295.0 ~--------------------------4--+-- Texp .data 
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Figure E.11 Temperature measurements along the wall of a capillary (800 mm * 1.1 mm), 
at p 1 - p2 = 1 bar. 
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Figure E.12 Temperature measurements along the wall of a capillary (800 mm * 1.1 mm), 
at p1 - p2 = 2 bar. In one experiment shown in this graph, the capillary was insulated as in 
the previous experiments, in the second the capillary was not insulated. 
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Figure E.13 Temperature measurements along the wall of a capillary (800 mm* 1.1 mm), 
at p1 - p2 = 3 bar. 
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Figure E.14 Temperature measurements along the wall of a capillary (800 mm * 1.1 mm), 
at p1 - p2 = 4 bar (data of three similar experiments are given). 
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Appendix E.4. Results of the measurements with orifices 

Estimated temperatures and experimental data 
tor an orifice (D = 203.88 µm) 
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Figure E.15 Temperature measurements with an orifice with D = 203.88 µm (mass flows: 
2.5, 3.3 and 4.8 lr/min). 
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Figure E.16 Temperature measurements with an orifice with D = 610.94 µm (mass flows: 
8.0, 12.8 and 22.4 lr/min). 
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Figure E.17 Temperature measurements with an orifice with D = 1084.03 µm (mass flows: 
19.9, 30.4 and 34.3 lr/min). 
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Figure F.1 Moody plot, according to [BEN83), with: fthe friction factor of the pipe; 
R0 the Reynolds number (related to the pipe diameter D); e/D the effective roughness. 
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Figure F.2 An overview of the setup: The pipe on the left with the two blue water hoses 
connected to it, is the heat exchanger. Next, the two settling chambers, with one black 
hose each, connecting the pressure sensors. All the yellow wires are the lead wires of the 
NTC sensors. The large metal vessel on the right is the lens cooler, which serves as a 
thermostatie wall. 

Figure F.3 Close up of the settling chambers. In between is a coupling, which contains an 
orifice. 
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Figure F.4 A capillary (010 = 1.1 mm) with NTC sensors taped to its surface. 

Figure F.5 Close up of a settling chamber. Two NTC's are positioned inside the chamber, 
the two yellow NTC sensor heads are not separately visible on this photograph. 
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Figure F.6 Photograph showing how the settling chambers and restriction together are 
inserted in the lens cooler. Inside the lens cooler, pieces of the insulation material (foam 
rubber) are visible. 

Figure F.7 And finally, a photograph of myself in the cleanroom. 
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