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Abstract

Inlet and outlet manifolds represent a crucial part
of the CO2 cooling system for the ATLAS Transi-
tion Radiation Tracker (TRT) as long as they de-
termine the flow homogeneity in the detector and
the pressure losses where the hydraulic diameters
are the smallest. An experiment was done on real
scale prototypes with air. It is shown how the noz-
zle flow resistance coefficient variation along the in-
let manifold simplifies its optimization compared to
the outlet manifold. A flow model was developed to
be able to optimize the system for turbulent flows
from 25 m3 h−1 to 75 m3 h−1 and adapt the results
to CO2. For 50 m3 h−1, a flow variation lower than
24% for both manifolds with an overall pressure
drop of 92 mbar was obtained.

1 Requirements

The major problem in the design of the cool-
ing system for the Transition Radiation Tracker
(TRT) comes from the large CO2 flows required
(Qtot = 50 m3 h−1, 25 m3 h−1 and 75 m3 h−1 re-
spectively for group of wheels of type A,B and C
[1]) and a pressure regulation requirement within
± 3mbars relative to the pressure around the de-
tector wheels [2] to avoid damaging the detector.
In terms of costs and risks, this regulation is facili-
tated by a minimization of the pressure drop on the
whole system hence the requirement of a low pres-
sure drop on the manifolds. The variation of the
flux along the manifolds has also to be minimized
to avoid having to increase the total flux in the

system to cool efficiently the less ventilated parts,
which would in turn increase the overall pressure
drop or create undesirable temperature gradients
in the detector.

2 Experiment

For symmetry reasons, two linear mock-ups of only
a half of the inlet and outlet manifolds were built
with a 1.5 mm thick plexiglas rectangle glued on
an aluminium U shaped rail. For the inlet man-
ifold, 40 holes were drilled in the plexiglas with
50 mm spacing at 3.5 mm from the edge. The in-
side cross section was rectangular with 42 x 7 mm
edges. The cross section of the outlet manifold was
52 x 6.35 mm and the holes spacing 63.9 mm for 48
holes. The coordinate frame is chosen such that the
z-axis lies along the manifold and points towards its
closed end.

Additional holes drilled in the plexiglas allowed
static pressure measurements along the manifold
with a water U shaped manometer.

The flow through the nozzles, qnozzle, was mea-
sured with the glass of a Vögtlin V100 ball flow-
meter put directly on the nozzles. The nozzle
flow measurements were only accurate for pressures
larger than 12mbar, below which the pressure loss
through the flow-meter influenced the flow distri-
bution along the manifold. For all measurements,
it was checked that the total flow summed from
the nozzle measurements was equal to the total
flow Qin or Qout, respectively for the flow through
the inlet and outlet manifold mock-ups, which was
measured with a Wisag 2000 series flow-meter.
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3 MODEL 2

Figure 1: Flow out of the first nozzle of the inlet mani-

fold, for which
Q⊥

qnozzle
is the highest. The flow out of the

upstream half of the hole is null; carea ≈ 0.5.

3 Model

The gas is assumed incompressible (M< 0.3) and
the optimization model developed by Per Skarby [3]
was adapted.

3.1 Flow through the nozzles

The flow through one nozzle is characterized by the
fluid resistance coefficient;

ζ =
∆pnozzle

1
2ρv2

(1)

Where ∆p is the pressure drop through the noz-
zle and 1

2ρv2 the dynamic pressure. ζ depends on
the geometry of the flow at the nozzle. It was in-
deed discovered that an effective area coefficient
carea for the nozzle aperture can be introduced in
the following way:

ζ =
ζ0

c2
area

=
∆pnozzle a2

1
2ρq2

nozzle

(2)

Where a is the hole area. For the inlet mani-
fold, carea decreases with increasing Q⊥

qnozzle
(Fig. 1

Inlet manifold Outlet manifold

e z

Figure 2: In the inlet manifold, the flow perpendicular to
the nozzle (Q⊥) reduces the effective area of the hole. The
opposite happens in the outlet manifold.

and 2), which tends to increase qnozzle along the
manifold even with constant diameters like in Fig 7.
For the outlet manifold, the opposite happens be-
cause the flux perpendicular to the nozzle, Q⊥, cre-
ates a local pressure drop that increases qnozzle with
increasing Q⊥

qnozzle
.
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Figure 3: Nozzle flow resistance coefficient for constant
diameter and Q⊥ = 0 obtained from eq. (2). The values for
∆p < 4 mbar are wrong because the flux measurements were
no longer accurate for low pressures; this is particularly clear
for CO2 because a proportional law was used to translate the
values from an air calibrated flow-meter. This law fails for
flows in the lower part of the flow-meter range. As long as
∆pnozzle¿4 is always true along the manifolds, this shows
that ζ0 can be assumed independent of the pressure.

Direct measurements of carea were difficult; ζ
measurements were therefore preferred for nozzles
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Figure 4: Nozzle resistance coefficient for qnozzle = 625 l/h
and Q⊥ = 0. The pressure is not constant but ζ0 is inde-
pendent on the pressure (see Fig. 3).

of constant diameters along the manifold (Fig. 5)
and for nozzles of varying diameters in a differ-
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Figure 5: Nozzle resistance coefficients for constant diam-
eters.

ent setup were the flux perpendicular to the nozzle
Q⊥ was zero, which allows to set carea = 1 and
measure ζ0 from eq. (2). Figure 3 shows that ζ0

can be assumed independent of ∆pnozzle. In ad-
dition, for Q⊥ = 0 and constant diameters, eq. (2)
gives ∆p(qnozzle); ζ0 is therefore also independent
on qnozzle. From the experiment, ζ0 depends there-
fore only on the diameters (Fig. 4) and can even
be assumed constant for diameters between 3 and
4.2mm.

The dependence of ζ on Q⊥/qnozzle was not sig-
nificantly different for lower pressures (i.e. for
smaller Qin or bigger holes); eq. (2) is therefore
valid and ζ can be found from the measurement of
ζ0 for different diameters and one measurement of
ζ(Q⊥/qnozzle)

The thickness of the skin of the membrane in
which the holes are drilled might influence the ge-
ometry of the flow. The thickness used for the
mock-up was 1.5 mm instead of 1.3 mm for the fi-
nal set-up and measurements with 2 mm thick holes
gave the same ζ0 as 1.5mm thick holes.

3.2 Flow along the manifold

The pressure loss along the manifold was described
by the D’Arcy friction factor [6]:

f =
∆pfriction

∆z
DH

1
2ρv2

(3)

Where DH is the hydraulic diameter and ∆z the
length along which the pressure is measured. f is
strongly dependent on Re and it’s value is interpo-
lated in the program according to the Moody chart
found in [6]. This friction factor acts in the opposite
way than the effective area coefficient in the sense
that it makes qnozzle decrease along the manifold.

3.2.1 Effect of bending

According to formulas given in [5], the pressure loss
for a 2 meters circularly bent pipe of rectangular
cross section was substracted to the pressure loss
calculated for a straight pipe of same section. The
result is an additional pressure drop of 1.6 mbar in
the bent case for a 50 m−3h−1 flow. The pressure
drop along the manifold being smaller than along
an open pipe due to the constant decrease of Q⊥;
the difference should be lower and therefore negli-
gible.

Another effect of bending that might affect the
flow distribution is the pressure difference perpen-
dicular to the flow. This results in an increase of the
velocity on the inside of the bend, where the holes
are located in the case of the inlet manifold. The
consequence should be a more important decrease
of the effective area of the holes on the entrance
of the manifold and therefore a more important in-
crease of qnozzle at the end that should compensate
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losses due to the bending. This effect should how-
ever be negligible.

3.3 Regime

The flow is changing regime within the system at
a position along z that depends on the total flow
(Fig. 6).
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Figure 6: Reynolds number contours for the CO2 flow in
the inlet manifold.

4 Results

4.1 Model validation

For the inlet manifold, three different kinds of
evolutions of qnozzle along −→e z have been ob-
served; monotonously decreasing when ∂pfriction

∂z

dominates, with a minimum when ∂pfriction

∂z is
comparable to ∂pnozzle

∂z due to the decrease of
Q⊥/qnozzle and monotonously increasing when the
latest dominates (Fig. 7). These three features
were well reproduced by the program.

For the outlet manifold, qnozzle is always
monotonously decreasing for constant diameters.
Fig. 8 shows a good match between the model and
the measured results for air.
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Figure 7: Profiles along the inlet manifold for air and
Qin = 25 m3 h−1. The model fits well with qnozzle mea-

surements. ζ(
Q⊥

qnozzle
) used in the model was measured for

Qin = 37.5 m3 h−1 and holes of 3.7 mm diameters, show-
ing that the fit is good even for different conditions. The
hump on qnozzle(z) at z = 0.95 m is due to imperfections
at z = 1 m where two aluminium profiles are appended.

4.2 Optimized diameters for CO2

The cross sections of the final inlet and outlet
manifolds were respectively set to 42 x 6.3 mm and
42 x 7.3 mm.

A first step in the optimisation for a given Qin

consists in finding the constant diameter so that
qnozzle(z) has a minimum in the center of the in-
let manifold (Fig. 9). The value found is 4 mm for
CO2. In a second approach, the diameters can be
changed to a flat qnozzle profile.
The outlet manifold qnozzle(z) does not exhibit a

minimum. As long as the results for constant diam-
eters have ∆qnozzle = 70% for Qin = 25 m3 h−1,
a variation of the holes diameters is necessary
(Fig. 10).

Increasing Qin and Qout results in a counter-
clockwise rotation of the qnozzle profile. However,
this rotation is small enough to allow the use of the
optimal holes diameters found for 25 m3 h−1 for
12.5 m3 h−1 and 37.5 m3 h−1.
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Figure 8: Profiles along the outlet manifold for air and
Qin = 25 m3 h−1.

4.3 Inlet and Outlet wyes

An ANSYS simulation was run using FLOTRAN
to calculate the pressure drop at the wyes linking
the two half manifolds (Fig. 11). Assuming a sta-
tionary irrotational flow, for the inlet manifold, the
pressure increases due to the diverging flow. This
was still true in the turbulent case, where local en-
ergy losses don’t cancel completely this pressure in-
crease. This was checked using the turbulent solver
(Table 1).

4.4 Turbulence influence on the
straws

Tests with a 45◦ quadrant consisting in 4 straw lay-
ers with radiators and membrane showed no visible
vibration. In addition, the flux from the holes im-
pinges on the hard glued tip of the straws, which
is the less sensitive part. The same test was made
more thoroughly in a test-beam, showing low per-
turbation on the position measurement [4].

0 0.5 1 1.5 2
0.6

0.62

0.64

0.66

q no
zz

le
 [m

3  h
−

1 ]

0 0.5 1 1.5 2

10

12

14

16

∆ 
p no

zz
le

 [m
ba

r]

diam = 3.9 mm, Q
in

= 25 m3h−1

q
model

q
average

Figure 9: Profiles along the inlet manifold for CO2 and
Qin = 25 m3 h−1. Holes diameters were set 3.9mm because
of numerical instabilities for 4mm that made the program
not convergent.

Inlet Outlet
Qtot [m3h−1] 25 50 75 25 50 75
section [mm] 42 x 6.3 42 x 7.3
∆qnozzle [%] 16 12 16 23 24 25

∆pmanif [mbar] 5 18 34 16 50 120
∆pwye [mbar] -1 -6 -13 12 42 94

Table 1: Important results for final inlet and outlet mani-
folds.

5 Discussion

The D’Arcy friction factor had to be rescaled by
a factor 3 to match the measured pressure values
for the outlet manifold (Fig. 8). For the inlet
manifold, a scaling factor could not be used for
the program did not converge, but it would be
necessary to use a scaling factor of about 0.2 to
match the pressure measurements of Fig. 7. This
shows the limits of the model.

The chosen qnozzle profiles for half manifolds
give two maxima and two minima along the wheels
perimeter. In addition, the flux can be assumed
more homogeneous in the detector volume than at
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Figure 10: Profiles along the outlet manifold for CO2 and
Qin = 25 m3 h−1.

the nozzles of the manifolds due to the smoothing
out of the flux inhomogeneities by the resulting
pressure gradients in the communicating detector
volume. This means that the flow variation will
be lower than 25% for all group of wheels in the
detector.

The results for group of wheels of C-type with
Qtot = 75 m3 h−1 might be subject to changes
as long as the design of these wheels is not yet final.

The cross section of the outlet manifold was set
to the maximal values allowed by the structural
and mechanical requirements on the membrane in
which the manifolds are embedded. The only other
way to try and decrease the manifold pressure drop
(∆pmanif ) without a deterioration of the flux distri-
bution is change the geometry of the flow through
the holes or the number of holes; an attempt in
using 90◦ elbows instead of simple holes with their
openings oriented towards the incoming flux to take
advantage of the kinetic pressure of the flow to have
an increasing ζ( Q⊥

qnozzle
) (like for the inlet manifold)

gave similar pressure drops due to the increased
losses in the elbow itself. This shows that, for the
largest apertures that optimize the flow distribu-

Figure 11: Static pressure contours for CO2 in the outlet
wye for a flux of 50 m3 h−1. The radius of the bends are
29mm, the cross section of the manifolds 42x7.3mm.

tion, the pressure loss is determined by the friction
losses along the manifold, which are larger for the
outlet manifold than for the inlet manifold because
it is longer.

The model was used to see the dependance of
∆pmanif on the number of holes. The result is a
minimum for 55 holes with a difference of 1 mbar
for Qout = 25 m3 h−1 relative to the result for
48 holes, which is negligible.

6 Conclusion

The hydraulic diameters of the manifolds were set
to their maximum values in the confined space of
the Inner Detector.

The dependence of the nozzle flow resistance co-
efficient on the perpendicular flux in the manifold
allowed to optimize the inlet manifold with con-
stant diameter holes, what simplified the produc-
tion line and allowed a flux variation smaller than
16% at the inlet of the detector.

For the outlet manifold, a diameter distribu-
tion was proposed in order to have a flux varia-
tion smaller than 24%. The overall pressure drop
of 92 mbar for A-type group of wheels cannot be
reduced further with the given structural require-
ments on the wheel membrane.
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A Poiseuille flow in rectangu-
lar pipes
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Figure 12: Velocity profile in the manifold cross-section
for a fixed pressure drop.

The Navier-Stokes equations with zero velocity
boundary conditions for an incompressible perma-
nent flow give a system that can be solved as an

eigenvalue problem using a Fourier expansion. The
result for the velocity is;

u(x, y) =
∞∑

m=1

∞∑
n=1

−Cm,n

η

∂p

∂z
sin(

mπy

w
) sin(

nπx

h
)

Cm,n =
16

mnπ2
[(

mπ
w

2
)

+
(

nπ
h

2
)]

w and h are respectively the width and height of
the pipe.


