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This paper deals with air–hydrogen heat exchangers intended to provide in-flight oxygen collection capability to a

reusable or semireusable two-stages-to-orbit launcher with an oxygen collection phase in supersonic cruise at

Mach 2.5. It aims to present a theoretical but mainly technological and experimental feasibility study of heat

exchangers sufficiently efficient and reliable to suit the extreme requirements of this application. Two precoolers of

two different types (shell and tubes, and plate and fins) have been selected and designedwith the objective of fulfilling

all constraints of the concept in terms of performance, leak tightness, reliability, compactness, etc. This design

process has been validated with four subscaled breadboards (two of each type) tested on two test benches (for

performance and leak tightness), developed by Belgium and Spain, in on-design and off-design conditions. All these

results highlight the suitability of the new technologies given the extreme requirements of the concept. An optimum

design for each technology is recommended considering its proper advantages and disadvantages. An innovative

precooler technology is presented and tested.

Nomenclature

A = surface, m2

Asf = fin cross section, m2

AU = global heat transfer coefficient, W=K
C = fluid velocity, m=s
_C = capacitive flow rate, Q:cp,W=K
Cr = capacitive flow rate, �Q:cp�min=�Q:cp�max

Cv = flow coefficient of a valve
cp = specific heat at constant pressure, J=kg � K
Dcurv = diameter of curvature, m
Dhyd = hydraulic diameter, m
Di = inside diameter, m
Dp = depth, m
d = outside diameter, m
e = thickness, m
f = friction factor
h = convective heat transfer coefficient, W=m2K
hf = fin height, m
K = charge loss coefficient
Kc = contraction coefficient
Ke = expansion coefficient
k = conductivity,W=mK
Lp = passage length, m
l = length of tube, m
Nu = Nusselt number
n = number of passes

P = pressure, Pa
Pf = perimeter of a fin, m
Pr = Prandtl number
Q = mass flow rate, kg=s
Re = Reynolds number
Rth = thermal resistance, K=W
T = temperature, K
U = global heat transfer coefficient, W=Km2

xd = diagonal pitch coefficient
xl = longitudinal pitch coefficient
xt = transversal pitch coefficient
�P = pressure drop, Pa
" = effectiveness, %
� = density, kg=m3

� = ratio of the finned surface and the total transfer surface
� = contraction ratio

Subscripts

acc = acceleration part
atm = atmospheric
c = cold side
D = diameter
f = fin
f; 0 = finned surface
h = hot side
i = inlet
max = maximum
min = minimum
o = outlet
p = pass

I. Introduction

I N MOST of the past and current space launchers, a large and
unused quantity of energy is generally stored in the liquid hydro-

gen present onboard as a fuel. In the 1950s, a first application was
proposed to recover a part of this energy with the liquefied air cycle
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engine. In this cycle, the air was deeply cooled by using the hydrogen
before entering, mixed with H2 fuel, into the combustor [1,2].

A possible improvement of this system would be to use the hydro-
gen to also cool down the air but, this time, to allow the separation of
nitrogen and oxygen to get liquid oxygen (LOX) (or liquid air
enriched in oxygen) for later use in rocket mode with an in-flight
oxygen collection system also referred to in the U.S. literature as air
collection and enrichment system (ACES) [2–4]. The main advan-
tages of such systems are to present largely reduced takeoff gross
weight and drymass comparedwith current space launchers, to allow
the construction of reusable launchers and to be compatible with
different types of launchers [2,5].

To prove the feasibility of such an innovative reusable TSTO (two-
stages-to-orbit) launcher concept, two main technologies must be
proven. The first one is the air separator [6–8] used to split nitrogen
and oxygen to store the air enriched in oxygen in the upper stage LOX
tank (for later use in the upper liquid rocket engine). The second
technology is the air–hydrogen precooler installed in the reusable
first stage and used to deeply cool the air before the inlet of the air
separator [2]. This paper will present a feasibility study of such ad-
vanced heat exchangers (HEX) used as precoolers. It will present
innovative prototypes that were built and tested as well as models to
size them and to calculate their performance and pressure losses.

II. System Definition and Specifications

The aim of this study was to evaluate the opportunities of in-flight
LOX collection with an air collection and enrichment system applied
to a fully reusable or semireusable supersonic TSTO launcher. The
concept is to separate the atmospheric air into nitrogen and oxygen
(the air being previously cooled with cold gaseous hydrogen) thanks
to a rotary distillation unit [5–9]. The principle of this system is
illustrated in Fig. 1.

As the LOX collection system requires an air intake, a compres-
sor to compensate for the pressure drops, and an air (without much
oxygen) exhaust, it was decided to put the ACES system in the
secondary flow (bypass) of the propulsion system [5,10].

This paper will only focus on the front heat exchanger, also called
the precooler.

The position of the system in the secondary flow of the gas turbine
engine implies that the available place for the precooler is an annular
space, as the secondary air crosses the precooler while the primary air
flows into the engine. Figure 2 illustrates this configuration, presen-
ting the details of the engine of Fig. 1.

This available annular space also imposes some of the geometric
parameters of the precooler. In our design, the internal and external
diameters are 1.48 m and 2.04 m, respectively, while the maximum
allowed depth is 0.7 m. These geometric considerations are illus-
trated in Fig. 3, which presents the dimensions of the precooler
shown in Fig. 2.

In terms offluids, the coolantwill be the hydrogen present onboard
as a fuel. As hydrogen is stored in its parastate and as the conversion
rate to orthohydrogen is lower than 1% per hour, the cold inlet of the

precooler will receive gaseous parahydrogen at 200 K and 16 bar.
This use of hydrogen implies a very high level of tightness between
the two sides of the precooler to avoid accidents stemming from the
mixing of hydrogen and air. The “hot fluid”will be, as stated earlier,
air coming from the secondary (bypass) flow of the propulsion
system. With these considerations, the system can be simulated and
some results are shown in Fig. 4 [10].

From this figure, it can be concluded that the precooler has to be
resistant to extreme temperatures (from 208 K up to 480 K) and
pressure resistant up to 16 bars on the cold side. The working values
also imply a high effectiveness (about 90%, what will require several
passes) and to dissipate a high thermal power (about 10.5 MW).

To be a useful technology, this system also has to be lighter than
conventional systems. Combined with the upper remarks on effec-
tiveness and available space, it can be concluded that the precooler
must also have a high compactness.

Finally, the allowed pressure drops have to be very low, especially
on the hot air side (only 0.15 bar vs 4 bar on the cold hydrogen side).

The philosophy followed in the framework of this study has been
to size two separate precoolers according to the upper criteria and to
prove the design process by testing four breadboards (BB) represen-
tative of the full precooler. The same framework will be followed in
this paper which will present the sizing of the precoolers, the down-
scaling of these to create the breadboards, the test benches used for
the tests, and their main results and conclusions.

III. Theoretical Study of the Precooler

As explained in the system definition, the main characteristics
expected from the full-size precooler are as follows: to be pressure
resistant up to 16 bar on the cold side, temperature resistant from
208Kup to 480K, cost effective, light, to have a high compactness, a
high effectiveness, to fit into the annulus space available in the
launcher, and to show absolutely nomixing between the fluids. From
those constraints, a choice had to be made between all types of heat
exchangers existing on the market (recalled in Fig. 5 [11]).

Regenerators use amatrix which is crossed alternatively by the hot
and the cold fluid. This changing of crossing could generate amixing
between the two fluids, which is strongly forbidden in the applica-
tion. This technology has thus been rejected [11–13].Fig. 1 Principle of the supersonic ACES.

Fig. 2 Axial section of the engine and position of the precooler.

Fig. 3 Available annular space for the air-GH2 precooler.
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The tubular HEX are made up of a set of tubes which contain the
two fluids. This configuration is the most used and the most flexible
regarding materials, fluids, and thermal duty. It thus presents an
interesting topic to be investigated within this study and especially
the shell-and-tubes (S&T) subtype which is more economically
suitable for the studied application. This subtype has therefore been
selected [11–13].

The plate-type HEX (PHE) are made up of thin plates between
whichfluids circulate. Printed-circuit PHE aremade up of plateswith
microchannels bonded together to create a block. They generally
create very high pressure drops and have therefore been rejected.
Gasketed PHE are madewith flat plates using elastomeric sealants to
ensure the tightness between the fluids. As those sealants have a very
limited temperature range (�40 to 260 �C), this subtype has been
rejected. The spiral PHE are made up of two long metal sheets
wrapped helically around a mandrel between which the fluids cir-
culate. Because of the complexity of the configuration, leakages can
appear at the junctions of the plates and at the manifolds. This
configuration has therefore also been rejected. The other types of
PHE, using welding or brazing, are not sensitive to those topics but,
as their effectiveness can be strongly increased by adding fins
between the plates (extended surface HEX), these configurations
have not been investigated further within this study [11–13].

The extended surface heat exchangers are using fins between
plates [plate and fins (P&F)] or around tubes (tubes and fins) to
increase their effectiveness. These configurations fulfill all the re-
quirements previously expressed with their high compactness, their
high effectiveness, their manufacturability in aluminum alloys com-
patiblewith the pressure and temperature ranges, their low sensitivity
to leakage, and their low pressure drops. As they do not require tubes
which could be difficult to manufacture and assemble due to the

small diameters required, plate-and-fins heat exchangers have
therefore been preferred to the tube-and-fins HEX [11–13].

In conclusion, two models of heat exchangers have been selected
to be studied within this study: the shell and tubes and the plate and
fins.

The first kind that has been chosen is the shell and tubes, which is
certainly the most used type of HEX, as well as the best known and
the most versatile, as it can be adapted to any configuration in terms
of geometry, pressure, and temperature. This configuration shows a
low compactness (contact m2=m3) and a high effectiveness. How-
ever, some leakages from one side to the other can take place, even
just after the manufacturing [13]. The experimental part of the study
had as a fundamental objective of establishing the possibility of
assuring the leak tightness with this configuration.

For the precooler, bare tubes have been selected rather than finned
tubes, which are sensitive to air fouling and difficult to integrate into
the launch vehicle. Furthermore, the use offins reduces the number of
tubes, increases the H2 mass flow rate and increases the pressure
drops on the cold side, which are a critical parameter for the ACES
launcher application [14].

To size the full-size precooler, a parametric study has been per-
formed to evaluate the influence of three geometric variables: the
number of passes, the tube pitches (space between tubes), and the
diameter of the tubes. This analysis has been performed with a
constant wall thickness of the tubes of 0.25 mm. This value has been
considered as optimal as it is the smallest value compatible with the
application in terms of manufacturability and mechanical resistance.
The other geometric parameters were imposed by the available space
for integration into the launcher.

First, increasing the number of passes tends to decrease the matrix
volume and mass, but only asymptotically. Moreover, the precooler
becomes wider, shorter, and more complex mechanically, which
limits the number of passes. An optimum of four passes has been
found.

Second, the tube pitches coefficients (longitudinal xl, transversal
xt, and diagonal xd) illustrated in Fig. 6 influence conversely the
mass and the dimensions of the precooler. A compromise for the ratio
xt=xd that minimizes mass, width, and height would be 1.7. An
absolute value of xl, xt, and xd was then found according to the
manufacturing constraints. An optimum with xt� 2 and xl� 1:25
has been chosen.

Third, when the tube inside diameter decreases, the tube mass and
the matrix volume decrease too. Effectively, the height and the depth
decrease linearly when the width increases exponentially, as the
pressure drops have to be kept constant during the dimensioning.
Effectively, as they are proportional to �1=Di�5, the length of the tube
had to be reduced exponentially and then the width increased

Fig. 4 Example of simulations of the ACES system.

Fig. 5 Types of heat exchangers. (From Shah and Sekulic [11];

reprinted with permission.)
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exponentially. But the higher transfer coefficients in smaller tubes
limit the augmentation of the number of tubes with the consequence
that the global volume decreases linearly. The chosen value of the
outside diameter for the tubes of the precooler was 3 mm. Table 1
summarizes the geometric parameters selected for the precooler.

The secondHEX that was selected is a plate and fins because these
heat exchangers have a high effectiveness and a high compactness
[11–13]. Special attention had to be paid during the experimental part
to the tightness of all connections to assure the reliability of this
configuration for the air-GH2 precooler.

As the external dimensions are fixed (as for the shell-and-tubes
precooler) by the available annulus space, the only available dimen-
sioning parameters are the types and the dimensions of the fins and
the number of modules and passes.

For the fins, the choice had to be madewithin the catalogues of the
manufacturers. The two most common types of fins are plain fins
with no interruptions in the flow direction and fins with interruption
in the flow direction.

In the first category, we have not only straight fins but also wavy
fins, which present a “zigzag path” for the flow, which confers a
higher convective heat transfer coefficient and a higher transfer
surface but a higher friction factor (and therefore higher pressure
drops) [13,15]. The second category includes louvered fins (triangle
plain fins with “cuts” called louvers) and the offset strip fins
(rectangular section divided in strips). These fins generally have a
higher friction factor and transfer coefficient than plain fins. Figure 7
[16] and Fig. 8 [16] illustrate the different types of fins.

On the hydrogen side, where the pressure drop criteria is not so
critical, offset strip fins have been selected for their higher transfer
coefficient compared to plain fins and their better mechanical resis-
tance compared to louvered fins [15]. In contrast, on the air side,
where the pressure drops are really critical, plain fins have been
selected. The simulations showed that the requirements of the appli-
cation can be reached with both types of fins proposed by the
manufacturers for the air side (straight plain fins orwavy plain fins) if
the number of modules is adjusted to meet the air pressure drops
expectations. Two plate-and-fins precoolers have therefore been
designed in collaboration with two different manufacturers.

The first plate-and-fins precooler has offset strip fins at the
hydrogen side and straight plain fins at the air side. Two models of
offset stripfinswere proposed by thefirstmanufacturer for the hydro-
gen side: one with higher fins but more spaced than the other. The
densest model allows keeping a high convective transfer coefficient
with a better mechanical resistance but with higher pressure drops.
But, as these are not so critical on the hydrogen side, this type of fin
has been selected. These fins have a height of 1.76 mm, a length of
3 mm, and are spaced by 1.293 mm for a global density of 17.6 fins
per inch. On the air side, both wavy and straight plain fins were
possible but, as the second manufacturer only proposed wavy fins,
straight fins have been selected on the first precooler to perform a

comparison of these two types of fins. For the straight fins, four
modelswere availablewith variable heights. As on the air side, where
the pressure drops are critical, a tradeoff had to be made between the
thermal performance requiring the highest fins possible and the
pressure drop requiring the smallest fins possible. An intermediate
value has therefore been selected with fins having a height of
7.85 mm spaced by 1.389 mm for a density of 16.5 fins per inch.

The second plate-and-fins precooler was built by another manu-
facturer who only proposed one type of fin for each side of the
precooler: offset strip fins of 2.35 mm height, 2.04 mm length, and
spaced at 0.85 mm on the hydrogen side, and wavy fins of 11.6 mm
height, spaced at 1.44mmwith a distance between twomaximums of
a wave of 9.6 mm, and a radius of curvature of 3 mm.

Both plate-and-fins precoolers have three passes of hydrogen and
one pass of air.

For the material, three materials are suitable for heat exchangers:
titanium alloys, stainless steels, and aluminum alloys. First, the
titanium was rejected because of risks of embrittlement by hydrogen
penetration. Second, stainless steels could be a solution but they are,
depending on the type of steel, either prone to cold cracking
(martensitic steels) or suitable to hydrogen embrittlement and hard to
weld (ferritic steels) so that only austenitic stainless steels could have
fit the application requirements (i.e., AISI TP316L). The third option
was aluminum alloys, which give the best results in terms of mass
(lowest density) and thermomechanical performance. The disadvan-
tages of aluminum alloys are their low stress resistance, especially at
high temperature (here 480 K) and their low corrosion resistance.
However, some aluminum alloys series meet the requirements of the
project, such as the 3xxx (Al-Mn), 6xxx (Al-Mg-Si), and the 7xxx
(Al-Zn) series. For the precooler, aluminum alloys were finally
chosen. The selected aluminum alloy type will depend on the HEX
configuration [17,18].

The performances of all the precoolers detailed earlier have been
simulated using the "-NTUmethod, which predicts the effectiveness
of a heat exchanger as a function of a dimensionless number defined

as NTU� AU= _Cmin.
For the shell and tubes heat exchanger, the global heat transfer

coefficient has been defined as the product of the surface of exchange
and the conductivity associatedwith this surface, which is defined for
cylindrical tubes without fins as

U�
�
d

Dihc
� d

2k
ln � d
Di
� � 1

hh

��1

In this formula, the convective heat transfer coefficients can be
estimated by the following relations:

Fig. 6 Tube pitches coefficient for shell-and-tubes configuration.

Table 1 Optimum geometric dimensions of

the shell-and-tubes precooler

Outside tube diameter 3 mm
Tube thickness 0.25 mm
Number of passes 4
Tube pitch xt� 2; xl� 1:25

Fig. 7 Fins with no interruption in the flow direction: a) rectangular,

b) triangular, c) wavy. (From Bontemps et al. [16]; reprinted with
permission.)
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1) At the cold side,

hc �
kc
Di

0:023Re0:8c Pr
0:4
c

is valid for Reynolds numbers from 3:104 to 106 [19].
2) At the hot side,

hh �
kh
d
0:41Re0:6h Pr

0:33
h �

xt

xl
�0:16667

is valid if xt=xl < 2 [14].
For the plate-and-fins heat exchanger, the global heat transfer

coefficient is defined as the inverse of the total thermal resistance,
which has three major components that must be summed: the
resistance of the fins at the air side, the resistance of the fins at the
hydrogen side, and the resistance of the wall. For the fins, these
resistances can be calculated by using the following procedure:

mf �
�
h

Pf
kwallAsf

�
0:5

! "f �
tanh

�
mf

hf
2

�
mf

hf
2

! "f;0 � 1 � ��1 � "f�

! Rth �
1

"f;0 � h � A
(1)

The convective heat transfer coefficients for the fins are calculated
by the knowledge of the Nusselt numbers (Nu� h �Dhyd=k) esti-
mated with the following correlations:

1) For offset strip fins, the correlations (accuracy 20%) ofManglik
and Bergles have been used [20]:

foffset � 38:4972Re�0:7422D ��0:1856 �0:3053 ��0:2659

� 	 1� 7:66910�8 Re4:429D �0:92 �3:767 �0:236 
0:1 (2)

Nu� 0:6522Re0:4597D Pr1=3 ��0:1541 �0:1499 ��0:0678

� 	 1� 0:00005269 Re1:34D �0:504 �0:456 ��1:055 
0:1 (3)

In those formulas,�, �, and � are defined as the ratios, respectively,
between the internal width and the internal height of the fins, the
thickness and the length of the fins, and the thickness and the internal
width of the fins.

2)For the straight plainfins, the Filolenko’s correlations [21] (valid
for Re > 5000) and Gnielinski’s correlation [11] (valid for Re from
2300 to 5 � 106 and for Pr from 0.5 to 200) have been used:

fplain � �1:82 � log10�Re� � 1:64���2� (4)

Nu�
f
8
�Re� 1000� � Pr

1� 12:7	f
8

0:5�Pr23 � 1�

(5)

3) For the wavy fins, graphical correlations that can be found in
[15] have been considered.

All these formulas are valid for straight fins, which is not repre-
sentative of the situation in the precooler. As a consequence, those
correlations have been corrected to take into account the radius of
curvature of the precooler:

fcurved � fstraight � 0:03 �
����������������������
Dhyd=Dcurv

q
(6)

For the wall, the thermal resistance can be calculated with the
formula Rth � e=�k � A�.

The knowledge of theNTUparameter allows the calculation of the
effectiveness of the heat exchanger while using the formulas
presented in Table 2 [11].

For the shell and tubes unit, a counterflow configuration has been
considered for the global heat exchanger and a crossflow configu-

ration ( _Cmin unmixed) has been considered for single pass.
For the plate-and-fins precoolers, each pass has been considered as

a purely crossflow configuration (with both fluids unmixed) con-
nected together with accurate boundary conditions to obtain the full-
size precooler.

To estimate the pressure drops, three contributions have been
considered: the pressure drop due to friction along channels, the
pressure drop due to contraction and expansion at the inlet and the
outlet of the precooler, and the pressure drop due to the acceleration
at the inlet of the channels. The largest part of the pressure drops
comes from the friction.

For the shell and tubes unit, the pressure drops are estimated to be

�Ph �
K

2�h

�
Qh;in

Afree

�
2

(7)

�Pc �
fl

d

1

2�c

�
Qc;in

n�Di2=4

�
2

(8)

For the plate-and-fins units, the pressure drops are estimated to be
the sum of the following components:

�pfriction �
1

2
� f � � �

Lp
Dhyd

� C2 (9)

Fig. 8 Fins with interruption in the flow direction: a) perforated,

b) louvered, c) offset. (From Bontemps et al. [16]; reprinted with
permission.)

Table 2 Relations "-NTU

Flow configuration Relations "-NTU

Counterflow "� 1�e�NTU�1�Cr �
1�Cre�NTU�1�Cr �

Crossflow
"� 1 � e

�
e�NTU0:78Cr �1

�
NTU0:22

Cr

Parallel flow "� 1�e�NTU�1�Cr �
1�Cr

Crossflow, _Cmin unmixed "� 1
Cr

"
1 � e

�Cr

�
1�e�NTU

�#

Crossflow, _Cmax unmixed "� 1 � e
� 1
Cr

�
1�e�NTU:Cr

�

Multipass overall counterflow
(fluid mixed between passes)

"�

�
1�"pCr
1�"p

�
n

�1�
1�"pCr
1�"p

�
n

�Cr

Multipass overall parallel flow
(fluid mixed between passes)

"� 1
1�Cr 	1 � f1 � �1� Cr�"pg

n


All configurations, Cr � 0 "� 1 � e�NTU
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�pi �
�� � C�2
2 � �i

� �Kc� 1 � �2� (10)

�po ��
�� � C�2
2 � �o

� �1 � Ke � �2� (11)

�pacc � �� � C�2 �
�
1

�o
� 1

�i

�
(12)

In these formulas, the coefficients Ke and Kc can be found in the
literature [15] and the friction factors f of the different fins are those
described previously.

From those simulations, the expected design-point conditions and
performances of the air-GH2 precoolers have been calculated and are
shown in Table 3.

IV. Test Facilities

A. Scaling of the Precooler and Test Conditions

The tests that had to be performed in the framework of this study
had two major objectives: to test the performance (mainly the HEX
effectiveness and the pressure drops on both sides) of breadboards
representative of the full-size precooler to validate the correlations
used during the dimensioning and to test the leak tightness of these
breadboards after some thermomechanical fatigue cycles to prove the
reliability of the selected technologies for the ACES launcher
application.

To realize the performance tests, two types of adaptations had to be
made to allow the testing in a laboratory environment: adaptations of
the test conditions and adaptations of the heat exchangers to create
four breadboards representative of the full-size precooler.

Themainmodifications of the flow conditions were the limitations
of the cold inlet pressure at 3 bar and of the hot mass flow rate at
500 g=s to limit the electrical power required to heat up the air. From
thesemodifications and in light of the replacement of hydrogen by air
as the cold fluid for safety reasons, the cold flow has been calculated
to keep the same capacitive flow rates (�Qcp�min=�Qcp�max) as in the
precooler. This reduced cold flow rate also allows the cooling of this
flow to lower temperatures (lower than 0 �C) with a rather small flow
of liquid nitrogen (in Fig. 9, cold temperature regulation). Moreover,
the temperature has been chosen to reach the maximal temperature
gradient present in the precooler to verify that no metal expansion
problem occurs in these extreme cases. A summary of the test con-
ditions of the breadboards is shown inTable 4.With these adaptations
of the flow conditions, the geometry of the heat exchangers has to be
scaled down and adapted to be representative of the full-size
precooler.

As the thermal effectiveness per fluid pass had to be conserved, the
numbers of heat transfer units have been adapted. Furthermore, the
frontal sections of the breadboards have been calculated to keep the
Reynolds number constant and then the “global flow conditions”
equal to the ones of the precooler. By contrast, nomodifications were
required to keep the Prandtl number constant in the breadboards as
we keep a gas-to-gas heat exchanger.

In a more manufacturing-type approach, the breadboards have
been designed flat instead of curved as the high required radius of
curvature (0.88 m) produces limited modifications to the perfor-
mance and introduces major manufacturing problems. Except for
this, all the other manufacturing characteristics (materials, fins,
tubes, assembly methods) have been kept identical.

B. Performance Test Bench

To establish the performance of the breadboards and realize the
required thermomechanical fatigue cycling, a first test bench has
been built. The principle of this performance test bench is shown in

Table 3 Precooler conditions and expected performance

S&T First P&F Second P&F

Qc, kg=s 3.01 3.01 3.01
Qh, kg=s 52.8 52.8 52.8
Tc;i, K 208.4 208.4 208.4
Th;i, K 479.1 479.1 479.1
Pc;i, bar 16.0 16.0 16.0
�pc, bar 4.02 2.86 2.55
Ph;i, bar 1.48 1.48 1.48
�ph, bar 0.15 0.145 0.37
Rec;i 24,115 7912 5295
Reh;i 5022 6108 6071
Compactness, m2=m3 418.2 1549 1639
", % 86.72 87.88 90.58

Fig. 9 Performance test bench schematic.

Table 4 HEX testing conditions

S&T BB First P&F BB Second P&F BB

Qc, g=s 100 400 180
Qh, g=s 500 500 440
Tc;i, K 280 280 280
Th;i, K 390 470 470
Pc;i, bar 3 3 4.7
Ph;i, bar Patm ��P Patm ��P Patm ��P
Rec;i 23,464 8100 5430
Reh;i 5471 6300 5400
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Fig. 9. The elements that can be seen in Fig. 9 are from the inlet to the
outlet:

1) The generation and the storage of dry compressed air at 40 bar is
realized with a two-stage piston compressor, a dryer, and a 20 m3 air
tank. Amanual valve has been added at the outlet of the tank to have a
“blown-down facility” which serves to fill the tank using the
compressor and then to empty the tank in the test bench with the
compressor off.

2) A first line called “cold flow” brings the air to the cold inlet of
the breadboard to be tested. This line includes a mass flow meter, a
mass flow regulating valve, a pressure regulating valve, several
temperature sensors to evaluate the effectiveness of the HEX, several
relative pressure sensors to regulate the pressure and to monitor the
test bench for the safety of the operators, a differential pressure sensor
to measure the pressure drops along the HEX, two pressure relief
valves, and a liquid nitrogen tank to add some liquid nitrogen to the
flow to decrease the cold inlet temperature for some tests.

3) A second line called “bypass flow” allows the increase of the
mass flow between the cold side and the hot side of the HEX. It
includes the same flow regulating system as in the cold line.

4) The mixing of the two flows gives the hot flow which is heated
up into an electrical heater of 100 kW to reach the hot inlet of the
HEX. Several temperature sensors and a differential pressure sensor
are also present to evaluate the performance of the breadboard.

A picture of this test bench is shown in Fig. 10, with some
indications of the different flows.

C. Leak Detection Test Bench

To test the leak tightness of the breadboard, the helium vacuum
detection method has been used. It consists of pressurizing (at about
1 bar) one side of the heat exchanger with helium and depressurizing
the other side to a vacuum pressure of about 10�2 mbar, where the
concentration of helium is then monitored. To do this monitoring, a
leak detector that is able, according to the manufacturer’s data,∗∗ to
measure a leak from 10�12 mbar � l=s to 1 mbar � l=s has been
employed. A schematic of the principle is shown in Fig. 11.

For these tests, an upper limit for the detected helium leak flow of
5:06 � 10�4 mbar � l=s or 5 � 10�4 sccs (0:1 �g=s of helium or
0:05 �g=s of hydrogen) has beenfixed. This value can be understood
as the addition of the maximum leaks (10�6 mbar � l=s) of about
1000 metallic joints (equivalent to one heat exchanger). It should be
noted that this value is extremely restrictive (less than 0:1 �g=s of
gaseous hydrogen to be compared with the hundreds of grams per
second that pass into the breadboards in real use), so that this limit
must be understood more as an objective or as an order of magnitude
rather than a real maximum value.

V. Breadboards Performance and Leak Testing

As explained in the previous sections, the tests had as their main
objectives to validate the performance (effectiveness and pressure
drops) and themechanical resistance (in terms of leak tightness) after
several fatigue cycles of breadboards representative of the full-size
precooler. The results should prove thevalidity of the simulations and
estimations used to size the precooler and the compatibility of the
selected technologies with the ACES launcher application require-
ments.

For the initially selected configuration (shell and tubes), two
breadboards (one pass of each fluid) have been built with two
different types of connections between the end plates and the tubes.
All the other parameters were kept strictly identical. The two
connection systems that have been tested are the ferruled connections
and the brazed connections, as illustrated in Fig. 12. The aim of the
construction of these two different breadboards was to compare the
two assembly systems in terms of leak tightness and resistance to
thermomechanical fatigue.

For the second selected configuration (plate and fins), two bread-
boards have also been manufactured but with larger differences. The
first demonstrator has one pass of cold fluid, straight plain fins at the
hot side, and offset strip fins at the cold side. The second breadboard
has two passes of cold fluid, wavy plain fins at the hot side, and offset
strip fins at the cold side.

In terms of leak tightness, the two shell-and-tubes breadboards
gave very small helium leak flows but, unfortunately, were over the

Fig. 10 Performance test bench.

Fig. 11 Helium vacuum leak detection test principle.

Fig. 12 Tube end plate connections: a) brazed, b) ferruled.

∗∗SMARTTEST Helium Leak Detector HLT560 PTL0200, http://
www.pfeiffer-vacuum.net.
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specified limit. However, the leak flows were rather stable over time,
indicating a good resistance to thermomechanical fatigue and as the
leak flows were of the right order of magnitude. It can be concluded
that the shell-and-tubes concept is a very promising technology. It
could fulfill the ACES application requirements with an efficient
leak acceptance test after the production of the unit and a follow-on
inspection when in use on the reusable first stage of the space
launcher.

Among other things, we compared the two assembly technologies.
The brazed connections were a bit over the leak limit, apparently
because of just one problematic connection. A repair of this leak
could potentially solve the problem. However, this repair procedure
has not been testedwithin this study and is not so easy to successfully
perform. By contrast, all the ferruled connections showed a slightly
excessive leak flow, and it is the addition of all these small flows that
caused the test results to fall just over the limit. These results showed
that the innovative concept of ferruled connections is now mature
enough to allow very high-quality manufacturing and consistent
quality of the connections. However, special attentionmust be paid to
the manufacturing time as the ferruled connections are made one at a
time, whereas the brazed connections are done all at once. These
observations lead to the conclusion that, if a choice had to be made
between the two connection systems, the ferruled one should be
preferred as it is easier to repair than the brazed option, despite the
higher manufacturing time.

By contrast, the plate-and-fins breadboards have passed all the
helium leak detection tests with full success. A small increase of the
global leak flow has been observed after several cycles of utilization,
but it was always within the limits, so that this configuration is fully
compatible with the launcher application requirements. All the
results of the helium leak tests are presented in Table 5 (always with
one leak test after three performance tests).

In terms of performance, a comparison (shown inTable 6) between
the experimental and simulated results has been performed and
validated the simulations in terms of exchanged power and then in
terms of temperature differences and HEX effectiveness.

For the experimental results, no deterioration of performance has
been observed over time so that the mean of all the results has been
considered for each breadboard. Moreover, as the leakage on the
brazed unit does not impact the performance and as both shell-and-

tubes units are rigorously identical from a geometric point of view,
the two units have been considered as one despite the fact that they
have both been tested.

For the simulated results, the "-NTUmethod described previously
has been used on the breadboard’s geometry.

For the pressure drops shown in Table 6, it has been observed that
the empiric relations found in the literature [14,15,20–24] tend to
rather largely overestimate the pressure drops for all selected heat
exchangers. Actually, these theoretical laws are based on experi-
ments and the difference between the test conditions implies a rather
large difference between the modeling and the real results. However,
these variations lean in a favorable direction in the present study as it
adds a design margin between the simulations and reality.

A comparison between the configurations in terms of compactness
and power exchanged per volume andmass unit has beenmade and is
shown in Table 7. In this table, it can be observed that despite their
lower compactness, the shell-and-tubes breadboards exchanged
more power per unit of volume and mass, a major advantage in this
application. This is the main reason why the shell-and-tubes
configuration has certainly not been rejected despite its relatively
worse helium leak test results.

VI. Off-Design Tests

The use of the heat exchangers in off-design conditions does not
imply any problem, as it has been observed that a modification of the
Reynolds number at the inlets of the HEX does not modify signi-
ficantly their effectiveness if the capacitive flow rate is kept constant.
The pressure drops are of course related to the Reynolds number as
they are related to the flow speed and Mach number. The theoretical
law that predicts a square dependence between the two variables has
been observed.

All four heat exchangers have also been tested at low inlet cold side
temperatures (down to �70 �C) without any significant decrease of
the effectiveness despite the formation of a little frost which, of
course, implies an increase of the pressure drop at the cold side (about
twice as high). The relative humidity of the air was similar to the one
at the cruise altitude of 16.3 km.

During all these tests, the breadboards have been heated up and
cooled down at the extreme temperatures at which the precooler
should be used. No problems of material resistance have been
observed, which confirms the compatibility of aluminum and of the
two selected configurations within the space launcher application
constraints. This rather extreme use of the HEX from a thermo-
mechanical fatigue point of view is certainly a very interesting result
of this study.

It can be concluded from all these results that the plate-and-fins
technology should be preferred if safety is the first criteria, given its
better results during the leak tests. If this configuration is selected,
wavy plain fins with their higher heat transfer coefficient should
certainly be chosen at the hot side without any prejudice to the
pressure drop requirements. At the cold side, the offset strip fins can
be chosen as they fulfill theACES launcher application requirements.
But, given their better results in terms of exchanged power per mass
and volume unit, the shell-and-tubes configuration is certainly the
best choice. Effectively, their leak tests results were of the right order
of magnitude and, most importantly, their performancewas superior.
If this configuration is chosen, the ferrule technology should be
preferred to connect the tubes to the end plates as it is easier to repair
than the brazed option despite the longer manufacturing time.

VII. Conclusions

After the successful testing of our rotary distillation separator
concept and prototype for enriching the air in oxygen for the second-
stage liquid rocket engines of a reusable TSTO launcher collecting
oxygen enriched air in cruise at Mach 2.5 [7,8], another challenge
was the fabrication and testing of the adequate heat exchangers for
the air precooling, which are located in front of the turbofan
compressor and of the air separator. This experimental study has
proven the feasibility of this air–hydrogen precooler, showing

Table 5 HEX leak tests results

Brazed
S&T

�10�5 sccs

Ferruled
S&T

�10�5 sccs

First P&F
�10�5 sccs

Second
P&F,

�10�5 sccs

Test 1, acceptance 487 99 4.9 9.87
Test 2 265 93 12.8 16.78
Test 3 333 88 5.43 21.7
Test 4, final 335 103 0.8 26.7

Table 6 Comparison of the experimental

and calculated results

S&T First P&F Second P&F

Exp. Sim. Exp. Sim. Exp. Sim.

", % 52.1 57.3 51.3 61.0 50.0 60.7
�Pc, mbar 43 215 357 411 499 1290
�Ph, mbar 14 19 46 136 21 85

Table 7 Comparison of the breadboards with
respect to compactness

S&T First P&F Second P&F

Compactness, m2=m3 385 1530 1593
Volumetric power,MW=m3 6.57 9.06 1.67
Power per mass unit, kW=kg 28.65 18.13 4.34
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virtually no leak (only about 0:1 �g=s of hydrogen) and high
performance. Different heat exchanger prototypes were built, using
different technologies, tested and compared, and models for the heat
exchanger performance and pressures losseswere established.More-
over, those heat exchangers have been built in a lightweight material
and using currently available manufacturing techniques. They also
show a high volumetric power. The recommended technology is a
shell-and-tube aluminum precooler using ferruled connections bet-
ween the tubes and the end plates.

The design tools to be used for the full-size precooler have also
been experimentally validated, as well as the pressure losses correla-
tions even with, in this case, some overestimations.
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