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Rubrik

Vacuum injection system for hydrogen
micro-spheres in the CELSIUS storage ring.

Sammanfattning

The use of hydrogen micro-spheres as internal targets in the CELSIUS
storage ring has been proposed for light meson rare decay measurements
(Kullander, 1985). The target generation apparatus design is based on that
developed by Foster et al (1977) for refueling of fusion tokamak rer.ctors.
The micro-spheres are produced by acoustic excitation of a liquid hydrogen
jet, and are injected into vacuum for the experiments by means of a
hydrogen gas flow through an injection nozzle.

The work reported here is an analysis of the gas flow in the injection
nozzle, of the entrained motion of the micro-spheres considered as
spherical particles, and of the heat transfer between them and the gas. The
computation of the heat transfer allows the determination of the conditions
under which the evaporation of the micro-spheres is negligible. It is shown
that the gas must be cooled to temperatures near that of the micro-spheres
for these to survive. Together with the computation of the gas flow and
particle motion, the analysis includes the design of the injection nozzle.

The requirements of well defined mass flow rate and low perturbation level
suggest a nozzle consisting of a contraction region designed by means of
the formula of Morel (1975), and a straight region with constant cross-
sectional area. This nozzle is to be operated with stagnation conditions
near the triple point conditions and choked flow at the exit. The condition
of a limiting mass flow rate of the order of 10"• kg/s together with the
operating conditions bound the exit diameter to values of 200-250 pm. Other
geometrical parameters have only a subordinate importance on the injection
nozzle design.



1. INTROPPCTIOH

The use of solid hydrogen micro-spheres as internal targets in the
CELSIUS storage ring has been proposed for light neson rare decay
measurements (Trostell, 1988). Due to the fact that these decays are
rare, a great number of mesons are required. In order to achieve
this, an ion beam consisting of protons is made to collide with the
nuclei of hydrogen atoms in frozen hydrogen droplets. The target
generation apparatus design is based on that developed by Foster et
al (1977) for refueling of fusion tokamak reactors.

The first step in the micro-sphere production consists of the
liquefaction of the hydrogen to near triple point conditions by means
of helium-gas-cooled heat exchangers. Then, a liquid hydrogen jet is
generated by means of a nozzle, and is broken up into uniformly sized
and spaced uroplets by acoustical excitation. Afterwards, these
droplets are frozen by partial evaporation in a chamber with a
pressure slightly less than the triple point pressure of hydrogen
(see the appendix for a discussion about the measurement of the
chamber pressure). Finally, from that chamber, the micro-spheres are
injected into a vacuum chamber (directly connected to the storage
ring) for the experiments by means of a hydrogen gas flow through a
second nozzle.

However, the stored ion beam life time depends directly upon the
vacuum level of the storage ring, implying in its turn that the
vapour load rate at the beam intersection should be minimized.
Consequently, to limit the evaporation rate to an acceptable level,
the micro-sphere size has to be bounded. Trostell (1988) has shown
that the micro-spheres should have a diameter not greater than
approximately 20 /*m, in order to fulfil the aforementioned condition
and, at the same time, maintain a high luminosity, which is a
necessary condition for the experiments (the luminosity is
proportional to the particle mass). With this condition on the
particle size, the acoustically excited liquid hydrogen jet should
have a .̂, meter equal to approximately half the drop diameter (for
optim- " jj owth rate of acoustical disturbances of the jet) and a
velor ' (f approximately 10 m/s. Taking into account surface tension
effe< o i the jet, the nozzle to form it should have a diameter 25%
larg •' r\ an that of the jet, i. e. the nozzle diameter should be - 15
ftm. .t , jass flow rate out of this nozzle is then - 1.4*10*7 kg/s,
and t?e corresponding droplet production frequency is 2*10* s"1.

On tl" other hand, the gas coming out through the injection nozzle to
the jcuura chamber has to be evacuated before it reaches the storage
rii^ in order to keep high vacuum there. Therefore, this hydrogen
gas low to the vacuum charber should not exceed a mass flow rate of
the rder of 10 * kg/s, which is the limiting mass flow rate of the
vac*/<m pumps of the system.

The istance from the point where the micro-spheres are generated to
thaf. where they intersect the stored proton beam is about 2 m. The
diam :er of the proton beam is approximately 3 mm and, therefore,
the angular deviation from axial path at the nozzle for a droplet
should not be greater than half a tenth of a degree for a collision
to take place. Thus, the requirements on the injection nozzle are to
deliver a gas mass flow lower than - 10** kg/s and, at the same time,
to produce a micro-sphere motion with low perturbation level and
angular spread at the nozzle exit.



The purpose of the present work is to analyse the conditions under
which a continuous injection of solid hydrogen micro-spheres to the
Celsius storage ring is possible. As a consequence of the analysis,
the correct design of the injection nozzle is achieved. This analysis
is carried out by studying the compressible gas flow of hydrogen in
the injection nozzle, the entrained notion of the hydrogen micro-
spheres by the gas, and the heat transfer between the micro-spheres
and the gas. The gas flow as well as the motion of the droplets are
considered one-dimensional, and the gas conditions with respect to
motion and heat transfer are assumed to be unaffected by the presence
of the particles. The results obtained in this study allow the
determination of the gas temperature bounds for the micro-spheres to
survive the injection, and give the geometrical data of the injection
nozzle.

Section 2 of this work contains the analysis of the one-dimensional
flow of hydrogen, considered as an ideal gas, in the injection nozzle
consisting of a contraction region and a straight tube with constant
cross section. The motion of the micro-spheres and the corresponding
heat transfer between them and the gas is analysed in section 3. The
results of the preceeding analyses are presented and discussed in
section 4. Finally, section 5 contains the conclusions and
recommendations of the present study.

2. GAS FLOW IN THE INJECTION NOZZLE

In order to be able to analyse the gas flow in the injection nozzle,
its geometry has to be known. But the nozzle geometry is determined
in its turn by the desired characteristics to be imposed on the flow.
Therefore, an iterative procedure is necessary for determining both
the nozzle geometry and the flow through it. However, there are
general conditions which limit the possible choices of the nozzle
form.

The requirements of a well defined mass flow rate (less than - 10 6

kg/s) and a low perturbation level, especially at the outlet,
suggests the condition of sonic (choked) flow there. This implies
that the nozzle will be under-expanded with a weak rarefaction shock
wave at the nozzle exit and with a mass flow rate which only depends
on the stagnation conditions and the cross-sectional area at the
exit. Similar characteristics may also be obtained with a convergent-
divergent supersonic (de Laval) nozzle, but this type of nozzle is
more difficult to manufacture. Its operation is complicated by the
possibility of (strong) compression shock wave formation, somewhere
between the throat and the exit, if the nozzle is over-expanded. If
under-expanded, this type of nozzle will produce stronger rarefaction
shock waves at the exit.

Furthermore, a gentle accelation of the micro-spheres is best
obtained if the injection nozzle has a straight part with constant
cross-section. Finally, a smooth transition between the inlet (with
greater diameter) and the straight region may be achieved by using
the formula of Morel (1975). This consists of the one-parameter
family of wall shapes formed by two smoothly joined cubics, with the
match point location (inflexion point) being the parameter. Morel
(1975) has shown that this formula achieves prescribed wall pressure
coefficients at the inlet (indicator of the danger of separation
there) and at the exit (related to the exit velocity nonuniformity)
within a relative short contraction length. Thus, if the stagnation



conditions are known, only the diameters and lengths of the different
regions of the nozzle have to be determined.

2.1 Fanno-flow In the straight region of the nozzle

Fig. 1 : schematic nozzle geometry.

The main condition for solving this problem is that of choked flow at
the exit of the nozzle. With this condition, the flow in the straight
region may be calculated first. Assuming adiabatic flow in this part,
the equations of one-dimensional adiabatic flow in a pipe (see, e. g.
Massey, 1983, section 12.10) may be used, i. e.
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M is the local Mach number defined by

M - u/a (2.5)



where a is the sound speed given by

(2.6)

and 7 is the ratio of the specific heat at constanc pressure to that
at constant volume, i. e.

- c /c .
P v

(2.7)

For the preceeding equations, T is temperature, p pressure, p
density, and u velocity of the gas at each section of the pipe. The
indices 2 and 3 correspond to the inlet section and the outlet
section of the pipe respectively, as shown in figure 1.

In equation (2.1), i is the pipe length between the points 2 and 3, A
the cross-sectional area of the pipe, P its perimeter, and f the
mean value of the pipe friction factor for a pipe length x given by

f - fdi. (2.8)

In the case of compressible pipe flow in smooth pipes, the friction
factor is a function of both the Reynolds and the Mach numbers, as
may be shown by dimensional analysis. Experiments have shown,
however, that the effect of compressibility may be neglected for
subsonic flow. This implies then that the friction factor is only a
function of the Reynolds number and may be obtained with sufficient
accuracy from relations corresponding to incompressible flow (see e.
g. Roy, 1988, section 7.8). For laminar pipe flow, which will be
shown to be the case here, Darcy's formula for head lost to friction
gives

f - 16/Re, (2.9)

where Re is the Reynolds number given by

Re - pud/,*, (2.10)

d the pipe diameter and ft the gas viscosity. Inserting equations
(2.9), (2.10) in (2.8), and then in (2.1) gives
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where p is the nean value of the gas viscosity between the points 2
and 3 of the pipe, i. e.

i
M - If Mdi. (2.12)

The product p2u2 nay be expressed as a function of the Mach number M2

and the stagnation properties (see e. g. Roy, 1988), i. e.

(2.13)

where p0 is the stagnation pressure and p0 the stagnation density.

With given stagnation conditions, the value of M2, the Mach number at
position 2, may be obtained by solving equation (2.11) iteratively,
with M3 - 1, which corresponds to the condition of choked flow at the
outlet. For subsonic flow the variation of /* along the pipe, which
depends on temperature (linearly if the temperature range is
relatively small), is usually not large and the value of p at the
stagnation temperature is sufficiently accurate to be used instead of
p. With the Mach number M2 known, all other gas properties may be
calculated for position 2 by means of relations (2.2) to (2.4).
Similarly, all properties may be obtained at «ny position between the
pipe sections 2 ana 3.

2.2 Isentropic flow In the contraction region of the nozzle

The gas flow in the contraction part of the nozzle may be calculated
by assuming isentropic flow of hydrogen considered as ideal gas, and
by considering that the cross-sectional diameter varies with axial
position according to the formula of Morel (1975), i. e.

d - (d, - d2)F + d2, (2.U)

where the function f is given by

(x/x )»
F - 1 - t if x < x , (2.15)

(x /x ) 2 i
i i

and



(1 - x/x )»
F - i if x > x .

(1 - x /x )* i
i i

(2.16)

As figure I shows, d, is the contraction inlet diaaeter, d2 the
contraction outlet diaaeter and d the diaaeter at the axial position
x. x, is the total axial length of the contraction (the distance
between points 1 and 2 in figure 1) and x. the axial position of the
inflexion point of the contraction profile (x. < x.). For contraction
area ratios (df/d|) greater than - 25 and ratios d,/x, near 1, which
is the case here, x. should be - 60% of x. for optiaua values of the
wall pressure coefficients (Morel. 1975).

The equations of isentropic one-dimensional flow of perfect gas in a
conduit with variable cross-sectional area are (see e. g. Massey,
1983, section 12.8)

n - puA - constant. (2.17)

where A is the corresponding cross-sectional area,

1 +

(2.18)
<7+l)/2(7-D

0 - 1 + (2.19)

o „ 1 +
7/(7-D

(2.20)

and finally

o „ (2.21)

In the preceeding equations the index 0 designates as before the
stagnation properties, M the mach number at any axial position
between the contraction inlet and outlet (points 1 and 2 respectively
in figure 1).

flux p u
x° 2

fromThese equations are solved by calculating first a mass
equation (2.17), corresponding to an axial position xfl {0 < x° 2 x p
with cross-sectional area A , since the mass flow rate n is already



known froa the solution of the gas flow in the straight part of the
nozzle. Vith this mass flux and the stagnation properties, the
correspondig Mach number M is calculated from equation (2.18) by
iteration. With this Mach number and the stagnation properties, all
other gas properties are calculated for this section of the
contraction by using equations (2.19) to (2.21).

3. PARTICLE MOTION AMD HEAT TRANSFER

Assuming that the gas flow is unaffected by the presence of the
particles, the one-dimensional motion of a micro-sphere and its heat
transfer to the gas may be calculated. The derivation of the particle
drag and heat transfer equations are presented in what follows.

3.1 The drag equation of the particle

The general equation of motion of a spherical particle in a fluid is
that of Basset, Boussinesq & Oseen, and extended by Tchen (see Hinze,
1975). Due to the fact that the density of the fluid is much smaller
than that of the particle (less than one hundredth) , the pressure
gradient, the added mass and the history (Basset) terms may be
neglected in that equation (Hinze, 1975). The only force term left is
the drag force term, and for that reason the equation of motion reads

(3.1)

where t is time, p the gas density, u its velocity, m the particle
mass, x its axial Position, A its crols-sectional area, u - dx/dt
its velocity and C. the drag coefficient. Following NeilsoR &
Gilchrist (1968) the drag coefficient may be expressed as

Cd - 24f/Re , (3.2)

where

Re - p (u - u )d /u (3.3)

is the particle Reynolds number, d the particle diameter and p the
gas viscosity. The function f (or the drag coefficient C.) is *
determined experimentally, and the correlations for this function
used in the present work are those recommended by Clift, Grace &
Weber (1978, p. 112, table 5.2). The equation of motion may then be
written as

updup/dx - am(ug - up) , (3.4)

in which

- of , (3.5)



and, with p as the particle density.

u ~ \i$i/p d* . (3.6)

The nuaerical solution of equation (3.4) involves, for each
integration step, calculating a froa the particle size and obtaining
f using the particle Reynolds nuaber. But the heat transfer to the
gas aay originate iaportant aodifications to the diaaeter. due to
vaporization or sublimation of the particle (drop or solid).
Therefore, the particle heat transfer equation and its coupling to
the particle diaaeter variation are derived in what follows.

3.2 The heat transfer equation of the particle

For a particle moving relative to a gas stream, the heat exchanged
between the gas an the particle will be mainly by convection- Heat
transfer data (Gyaraathy,1982) can be represented for Re Pr2'3 < 200
as p

1/2 1/3
Nu - 2 + 0.60Re ' Pr ' , (3.7)

P

where Pr is the gas Prandtl number given by

Pr - Mg/Pg*g . (3.8)

with K as the gas thermal diffusivity, and Nu the Nusselt number
given By

Nu - hd/K . (3.9)

h is the heat transfer coefficient and K the gas thermal
conductivity. The first term of the righl-hand side of equation (3.7)
is the conduction term and the second term on the right-hand side is
the convection term. Hence, the heat transfer rate to the particle is

Q - wd2h(T - T ) , (3.10)
P g P

where T is the gas temperature, and T the surface temperature of
the particle. In what follows, no diffirence will be made between
this temperature and the temperature inside the particle, implying
that a negligible internal thermal resistence is assumed for the
particle (see, e. g. Chapman, 1984, section 4.8). This assumption
is admissible if the Blot number of the particle, Bi, defined by

Bi - hdp/Kp - NuKg/Kp , (3.11)



is small, i. e. Bi - 0. K is the thermal conductivity of the
particle corresponding to"liquid or solid hydrogen, which is
approximately tei times the gas phase thermal conductivity K . For
this case, the order of magnitude of Nu is about 5, giving a°Biot
number of about 0.5. As this value indicates, the internal thermal
resistence of the particle is not fully negligible, bat this point
will be further discussed in section S.

The mass • of the particle may then be expressed as

and with dT /dt - u dl /dx, the particle temperature as a function of
position will be giveiroy

dT /dx - 6h CT - T ) , (3.13)
p p d c u « p

P P P P

where c is the particle specific heat at constant pressure.

3.3 The equation of the particle diameter

If the heat transfer is such that a phase change takes place, the
particle temperature will reach the saturation temperature (solid-
vapor or liquid-vapor; see Souers, 1986) and will, if the pressure is
constant, keep this value during all the duration of the phase
change. In this case, then, the mass of particle vaporized (or
sublimated) per unit time is given by (see e. g. Uhalley, 1987)

Q/c, - -dm/dt , (3.14)
P

with c. as the latent heat of vaporization, c , or sublimation, c .
Tike time derivative of equation (3.12) gives the right-hand side of
equation (3.14) with opposite sign, i. e.

dm/dt - |d£/>pd(dp)/dt , (3.15)

and the particle diameter variation with position is given by

d(d )/dx - 2dm/dt . (3.16)
p *d*p u

P P P

As pointed out before, the evaporation (or sublimation) rate given by
equation (3.14) together with the heat transfer rate given by
equation (3.9) implies that the phase change (vaporization or
sublimation) takes place at constant pressure, and that, for this
reason, the particle temperature (saturation temperature) is also
constant.
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Fig. 2 : Pressure-temperacure-volume surface for a pure-component
hydrogen (from Souers, 1986).

On the other hand, if the pressure of the surrounding gas varies, as
is the case here, the saturation temperature, being a function of the
pressure, will also vary and follow the saturation curve ABCDEF of
figur 2. Fro» the triple "line" B (solid), C (liquid), E (vapor), to
30 K, the vapor pressure of nH3 as a function of temperature is given
by (Souers, 1986)

.2
In Pf(n) - 15.52059 - 102.7498/T + 5.338981*10* T

(3.17)- 1.105632*10"V

where Pt(n) is the liquid-vapor saturation pressure of normal
hydrogen. Fro» 10.5 K to che triple point ("line"), the solid-vapor
pressure of nH2 as a function of temperature is given by (Souers,
1986)

In Qf(n) - 15.404 - 108.70/T + O.O9O7OT , (3.18)

where Q*(n) is the solid-vapor saturation pressure of normal
hydrogen. For the first degree K above the triple point, the melting
pressure P of nH3 as a function of the melting temperature T is
given by (Souers, 1986)
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P - 7200 + 3.145*10*(T - 13.96) . (3.19)
m m

Assuming now that the particle has a negligible internal thermal
resistance and that, by increasing the evaporation (or sublimation)
rate, its temperature at any moment equals the saturation
temperature corresponding to the surrounding gas pressure, the
modified heat transfer rate to the particle may be expressed as

Q - *d£h(Tg - Tp) + mcp|updTp/dx| , (3.20)

where the particle temperature T is obtained by solving equations
(3.17) or (3.18) for a given saturation pressure. With the heat
transfer rate given by equation (3.20), equation (3.16) may then be
written as

d(dp)/dx - - i |h(Tg - T p)/, p + dp|dTp/dx|/3| . (3.21)

Equation (3.4) is ..ere integrated numerically, by means of a fourth
order Runge-Kutta method, together with equation (3.13) if no phase
change occurs. If a phase change takes place, the temperature of the
particle is the saturation temperature, which is a function of the
pressure (equation (3.17) or (3.18)). With the particle temperature
known the variation of the particle diameter is calculated from
equation (3.21).

4. RESULTS AND DISCUSSION

According to what has been discussed in the introduction, the
particles will be considered to have an initial diameter equal to 20
foa, an initial velocity equal to 10 m/s, and an initial temperature
equal to 14 K in all the computations reported in this work. The
contraction region of all the nozzles considered here will have an
inlet diameter equal to 8 mm (determined by geometrical constraints
of the apparatus), a length of 10 mm and an inflexion point at 6 nun
from the inlet.

As stated before, the heat transfer between the particle and the gas
is of crucial importance to the nozzle design and to the nozzle
operation conditions. Heat transfer computations with gas at ambient
temperature (- 300 K) have clearly shown the impossibility of
designing a nozzle which will operate at those conditions without
causing the total evaporation of the particles before they reach the
first millimeter of their trajectory.

As an example, table 1-a shows the results corresponding to a nozzle
of total length equal to 60 mm. Its pipe region has a diameter of 0.2
mm, and a length of 50 mm. If the stagnation pressure of the gas is
7300 Pa and its stagnation temperature 35.28 K, particles with the
initial temperature of 14 K will evaporate and disappear precisely at
the exit of the nozzle, as shown by figure 3.
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Nozzle geometrical data
Contraction length -
Contraction diameter -
Pipe length -
Pipe diameter
Stagnation conditions
Pressure -
Temperature -
Density -
Gas results
Inlet Mach number -
Inlet velocity -
Exit velocity -
Exit temperature -
Exit pressure -
Exit density
Exit mass flow rate -
Particle results
Exit diameter -
Exit velocity
Exit temperature -

TABLE 1

a)

0.01
0.008
0.050
0.0002

7300
35.617
0.0497

0.000063
0.0286
413.96
29.68
672
0.0055 8

7.14*10'

0.0
315.7
11.4

b)

0.01
0.008
0.050
0.000311

7300
15
0.118

0.000574
0.1689
286.64
12.5
2531
0.0491 6

1.00*10"

5
1.99*10"
116.1
12.5

c)

0.01
0.008
0.050
0.00025

7300
15
0.118

0.000315
0.0928
268.64
12.5
2152
0.0417 7

5.51*10"

s
1.99*10
103.8
12.3

m
m
m
m

Pa
K
kg/m*

m/s
m/s
K
Pa
kg/m3

kg/s

m
m/s
K

DIMtur/IMtMl Dimttr
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Fig. 3 : Relative particle
diameter as a function of
axial position (initial
diameter - 20 pm; for other
data see table 1-a.

Fig. 4 : Thermodynamic diagram
for gas (right) and particle
(left). The state at each integer
centimeter along the nozzle is
indicated by the inverted
triangles (gas) and the squares
(particle).

Therefore, a necessary condition for achieving a working injection
system for the hydrogen targets is to operate the injection nozzle
with cooled hydrogen gas, at a temperature near that of the liquid
hydrogen droplets (triple point conditions). But this cooled gas will
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have a larger density than that of hydrogen at ambient temperature,
and, consequently, the mass flow rate out of a specific nozzle will
also be larger with the cooled gas. For this reason and the well
defined stagnation conditions of the gas (triple point conditions),
the exit diameter of the nozzle has to be the first parameter of the
nozzle geometry to be studied for controling the mass flow rate.

Table 1-b shows the results obtained with a nozzle having the same
geometrical data as that used for obtaining the results of table 1-a,
except that the diameter of the straight region is 0.311 mm. The
stagnation properties are a pressure of 7300 Pa and a temperature of
15 K. For this case, the gas mass flow rate is approximately equal to
10 • kg/s, indicating that a limiting mass flow rate is already
reached.

Table 1-c shows the results obtained with a nozzle similar to the
preceeding nozzles but with a diameter for the pipe region equal to
0.25 mm. The gas mass flow rate is in this case equal to 5.5*10 7

kg/s.

Table 2-a shows the results for a nozzle with pipe diameter equal to
0.20 mm, giving a gas mass flow rate of - 2.8*10 7 kg/s. These
results indicate that the nozzle pipe diameter should be 0.20-0.25
mm, and a diameter of 0.20 mm will be adopted in the analysis to
follow about the effect of the pipe region length.

Nozzle geometrical data
Contraction length -
Contraction diameter -
Pipe length
Pipe diameter -
Stagnation conditions
Pressure -
Temperature
Density
Gas results
Inlet Mach number -
Inlet velocity -
Exit velocity
Exit temperature
Exit pressure -
Exit density
Exit mass flow rate -
Particle results
Exit diameter -
Exit velocity
Exit temperature -

TABLE 2

a)

0.01
0.008
0.050
0.0002

7300
15
0.118

0.00016
0.0478
268.64
12.5
1732
0.0336 7

2.84*10"
5

1.98*10"
89.8
12.0

b)

0.01
0.008
0.075
0.0002

7300
15
0.118

0.00013
0.037
286.64
12.5
1352
0.0260 7

2.21*10"
s

1.98*10"
85.1
11.7

c)

0.01
0.008
0.025
0.0002

7300
15
0.118

0.00022
0.065
268.64
12.5
2372
0.0460 7

3.88*10"
s

1.99*10*
90.8
12.4

m
m
m
m

Pa
K
kg/m3

m/s
m/s
K
Pa
kg/m3

kg/s

m
m/s
K

Figure 4 shows the thermodynamic state of the gas (curve at the
right-hand side) for each axial position along the nozzle in a
pressure-temperature diagram. The starting and final states as well
as those corresponding to each integer centimeter of the nozzle axis
are indicated by the inverted triangles.
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»Mitt W»

Fig. 5 : Gas (continuous line)
and particle (broken line)
velocity as function of position
along the nozzle.

Fig. 6 : Nozzle geometry for
a nozzle with double contraction
length.

The corresponding particle (curve at the left-hand side)
thermodynamic tate is shown in the same figure, where its state
follows the Sc. cation curve when a phase change occurs. The squares
indicate the thermodynamical states of the particle corresponding to
those of the gas shown by the inverted triangles.

Wttltf »VI _W1«tl»t Ml

e.N 0.41 0.0» 0.01 0 « 0.M ».W 0OJ 0.M 0.07 ON
I W

Fig. 7 : Gas (continuous line)
and particle (broken line)
velocity along a nozzle with
double contraction length.

Fig. 8 : Gas (continuous line)
and particle (broken line)
velocity along a nozzle with
increased pipe length.
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Figure 5 shows the gas (continuous line) and particle (broken line)
velocities as functions of the axial position along the nozzle. The
gas acceleration has a maximum at the end of the contraction region,
giving the corresponding increase in the particle acceleration
further on. Changing the position of the inflexion point towards the
inlet of the contraction may probably improve this situation, but the
risk of separation at the inlet will increase. If separation occurs,
the situation will instead deteriorate, giving both high accelaration
and flow perturbations. Increasing the contraction length to the
double (see figure 6) will not give any improvment either, as shown
by figure 7.

Table 2-b shows the results with a nozzle having a pipe length of 75
mm. The gas mass flow rate decreases to 2.2*10 7 kg/s and the
particle velocity at the exit also decreses to 85.1 m/s. Figure 8
shows the gas and particle velocities corresponding to the data of
table 2-b.

The results of table 2-c have been obtained for a nozzle having a
pipe length of 25 mm. The gas mass flow rate increases to 3.9*10*7

kg/s and the particle velocity at the exit also increses to 90.8 m/s.

Figure 9 shows the gas and particle velocities corresponding to the
data of table 2-c.

.«*>«citr

t.oi O.Of 0.01
I M

Fig. 9 : Gas (continuous line)
and particle (broken line)
velocity for along a nozzle
with decreased pipe length.

A comparison of the gas and particle velocities for the different
cases discussed here shows that, neither in general nor in detail,
the gas flow and micro-sphere motion are greatly affected by changes
in the different geometrical parameters of the injection nozzle,
except for the pipe region diameter.
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5. CONCLUDING REMARKS

The low pressures necessary to operate the injection nozzle motivate
the question of whether the present analysis is relevant or not,
owing to the fact that the continuum hypothesis may not even be valid
in this case. A measure of the applicability of the continuum
hypothesis is the Knudsen number defined by

Kn - X/l , (5.1)

where i is a characteristic length of the flow (in this case equal to
the pipe region diameter of the nozzle) and X the molecular mean free
path, which for hydrogen considered as a perfect gas is

A « 6*10" T/p . (5.2)

T is the gas temperature (in K) and p its pressure (in Pa). If the
data given in table 2-a is used, i. e. T-12.5K, p - 1732 Pa and
i - 2*10"4 m, equation (5.1) gives

Kn = 2.2*10"* . (5.3)

This result, i. e. Kn « 1, clearly indicates that the present case
is a continuum phenomenon.

In the analysis of the particle heat transfer, the particle
temperature has been assumed to be allways lower or at most equal to
the saturation temperature. This is achieved by the particle through
vaporization or sublimation with assumed negligible internal thermal
resistance. For this to be true, the particle Biot number has to be
small, i. e. Bi -» 0. In the present case the Biot number is about
0.5, and the particle internal thermal resistence is not negligible.
But in the present computations, the internal thermal resistence has
been assumed negligible because this assuption gives a more
conservative estimate of the particle size variation. In other words,
the decrease in the particle diameter due to heat transfer from the
gas is overestimated by using this assumption.

Finally, it is perhaps necessary to point out that the analysis
carried out here is completely one-dimensional, implying that it
cannot give any information about three-dimensional particle
trajectories and particle collisions with the nozzle walls.
Therefore, it cannot either give an estimation of the angular spread
of the particles at the nozzle outlet. But experimental results of
Hayashi & Branch (1983) indicate that a nozzle of the type proposed
here will concentrate the particles to its axis and give low angular
spread at the exit.
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APPENDIX

In order Co ensure stable operating conditions, the pressure control
system of the droplet chamber has been preliminary designed to work
separated from the chamber itself, by regulating the pressure at the
inlet of the copper bead filled heat exchanger annular channels. For
the system to operate accurately, the pressure drop along these
channels should be negligible as compared with the chamber pressure
(triple point pressure » 7000 Pa). In order to clarify this point,
room temperature H2 gas was used to measure the pressure drop along
test pieces from the two different heat exchanger annular channels.
The pressure at the outlet of the test piece was held constant and
equal to atmospheric pressure, and the pressure at the inlet was
varied to give different volume flow rates. These values are shown in
table A.I for heat exchanger 1 whose nominal cross-sectional area is
6 x 6 mm3, and in table A.2 for heat exchanger 2 whose nominal cross-
sectional area is 4 x 4 mm2.

Through visual inspection by microscope, the actual free cross-
sectional area has been estimated to only 50% of the nominal cross-
sectional area, being the pore size i - 3*10 4 m. The mean cross-
sectional velocity v is calculated by dividing the measured value of
the corresponding volume flow rate by the actual free cross-sectional
area (50% of nominal cross-sectional area), i. e.

v - Q/A* , (A.I)

where Q is the volume flow rate and A the actual free cross-
sectional area.

The friction factor f associated with the frictional losses in the
heat exchanger channels is defined by

f - AP/(pv2/2), (A.2)

where AP is the measured pressure drop over the channel length, and p
the gas density. This friction factor is in general a function of the
Reynolds and Mach numbers of the flow. In this case, the velocities
involved are relatively low and the Mach number is small, and
therefore, the friction factor is only a function of the Reynolds
number, provided that the effects of the heat transfer are
negligible. The Reynolds number is defined as

Re - pv£/fi, (A. 3)

where ft is the viscosity of the gas.

Table A.I shows the calculated values of the mean velocity v given by
the expression (A.I), together with the corresponding values of the
Reynolds number given by (A.3) and those of the friction factor given
by (A.2), for heat exchanger 1 whose actual free cross-sectional area
is A - 1.8*10"* m2.
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The value of the gas viscosity used for calculating the Reynolds
number is that of the hydrogen viscosity at 293 K, i. e.

AP (Pa)

1.00*10*
2.00*10<
2.50*10*
4.00*10*
5.00*10*
7.50*10*
1.00*10*
1.25*105

1.50*10*

- 8.7*10

Q (ms/s)

4.58*10"!

5.83*10"!

6.67*10"j

8.33*10"!

1.00*10"'
1.21*10"'
1.38*10"'
1.63*10"'
1.83*10"'

6 Pas.

TABLE A.

P (kg/m3)

1 9.89*10"2
1 1.08*10"
1 1.12*10"
i 1.26*10"
1 1.35*10"
• 1.57*10"
1 1.80*10"
1 2.02*10"
1 2.25*10"

1

v (m/s)

2.54
3.24
3.71
4.63
5.56
6.72
7.67
9.06
10.17

Re

8.66
12.07
14.33
20.12
25.88
36.38
47.61
63.10
78.91

(A.4)

f

3.13*10*
3.53*10*
3.24*10*
2.96*10*
2.40*10*
2.12*10*
1.89*10*
1.51*10*
1.29*10*

Table A.2 shows the calculated values of the mean velocity v, the
corresponding values of the Reynolds number and those of the friction
factor, for heat exchanger 2 whose actual free cross-sectional area
is A - 8.0*10"6 m2.

TABLE A.2

A* 'Pa) Q (m3/s) p (kg/m3) v (m/s) Re

1.00*10*
2.00*10*
3.00*10*
4.00*10*
5.00*10*
6.00*10*
7.00*10*
8.00*10*
9.00*10*
1.00*10*
1.10*10*

1.67*10
2.50*10"
2.92*10"
3.75*10"
4.58*10"
5.00*10"
5.42*10"
6.67*10"
6.67*10"
7.08*10"
7.08*10"

s
s
5

S

s
5

S

5

S

6

6

9.89*10 '
1.08*10"
1.17*10"
1.26*10*
1.35*10'
1.44*10"
1.53*10"
1.62*10"
1.71*10"
1.80*10"
1.89*10"

» 2.09
1 3.13
1 3.65
1 4.69
1 5.73
1 6.25
1 6.78
1 8.34
1 8.34
1 8.85
1 8.85

7.13
11.66
14.73
20.38
26.67
31.03
35.77
46.59
49.18
54.93
57.68

4.63*10*
3.78*10*
3.85*10*
2.89*10*
2.26*10*
2.13*10*
1.99*10*
1.42*10*
1.51*10*
1.42*10*
1.49*10*

A least square fit of the data of tables A.I and A.2 for the friction
factor as a function of the Reynolds number is shown in figure A.I.
For heat exchanger 1 the corresponding equation is

- 100400/Re0**8 (A.5)

and for heat exchanger 2

f2 - 176800/Re0623 (A.6)
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10
10'

o heat exchanger 1
heat exchanger 2

Fig. A.I : Least square fit of the friction factor data (tables A.I
and A.2) as a function of the Reynolds number.

The first heat exchanger will work at a temperature of 80 K, which
implies a gas viscosity p - 3.6*10 • Pas. The gas pressure is that
of the triple point, i. e. 7000 Pa, and using the perfect gas
equation

P/p - RT , (A.7)

where P is the pressure, T the temperature and R - 4124 J/kgK the gas
constant, the gas density p may be determined. In this case

p - 0.0212 kg/m3 . (A.8)

The gas mass flow rate has been estimated to 3*10"7 kg/s, giving a
volume flow rate

Q - 1.42*10"5 m3/s , (A.9)

a cross-sectional mean velocity

v - 0.79 m/s , (A.10)

and a Reynolds number

Re - 1.40 . (A.11)
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Using the equation (A.5), the value of the friction factor is

f1 - 8.64*10* . (A.12)

which multiplied by />v2/2 gives the pressure drop

AP - 572 Pa . (A.13)

The second heat exchanger works at a temperature of IS K, implying a
gas viscosity ft — 0.8*10 6 Pas, a gas density p - 0.113 kg/ra3, a
volume flow rate Q - 2.65*10~6 m3/s, a mean cross-sectional velocity
v - 0.33 m/s, and a Reynolds number Re - 13.98. Using equation (A.6),
the friction factor is

f2 - 3.42*10* . (A.14)

The corresponding pressure drop is computed from equation (A.6),
giving

AP - 210 Pa . (A.15)

The test piece corresponding to tht first heat exchanger has twice
the length of the actual channel and, assuming a linear pressure
gradient along the channel, the pressure drop along the corresponding
actual channel will therefore be 286 Pa. The test piece corresponding
to the second heat exchanger has a length which is 16/3 of that of
the actual channel, implying that the pressure drop along the
corresponding actual channel will be 39.4 Pa.

The total pressure drop is then approximately 250 Pa, which is
approximately 3.6% of the triple point pressure. This result
indicates that the uncertainty in the estimated value of the pressure
in the droplet chamber is too high (should be under 1% of the triple
point pressure) and that direct measurements of the pressure in the
droplet chamber are therefore needed.


