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INTRODUCTION

Cooling channels with high aspect ratio of the cross section A = h /b, often referred to as HARCC (high-
aspect-ratio cooling channels), have the potential to reduce the thermal strain in the wall material and to
increase the material strength by substantially reducing its maximum temperature. For this reason HARCC
have been studied by NASA since many years [1, 2, 3, 4] and introduced in engines like the European
Vulcain [5]. In fact, reducing wall temperature allows increasing engine life and cost of fabrication, as
resulted during development and production of Space Shuttle main engine and thus studied subsequently.
However, it has been demonstrated [6] that if the channel aspect ratio is too high, the cooling efficiency
vanishes. In fact, in case of strongly asymmetric distributed heat fluxes around the channel perimeter
and cooling geometries with high aspect ratios, limited coolant mixing and inhomogeneous temperature
distribution (also referred to as “thermal stratification”) are expected. This, in turn, can lead to cooling
inefficiency of HARCC.

Aim of the present study is to emphasize that the optimum aspect ratio exists and depends on the set
of assigned constraint. In particular, the constraints that characterize the cooling system are divided in
two families: those related to the realization of the device (weight, dimensions, manufacturing capability,
...) and those related to the system operation (maximum allowable wall temperature and coolant pressure
drop, available coolant mass flow rate, coolant power loss,...). The present trade-off analysis is performed
on cooling channel conditions representative of those occurring in liquid rocket engines. Two different
analyses are carried out, both aiming to find the cooling channel aspect ratio that would minimize the
coolant power loss, with the constraint of fixed weight and channel height in one case and fixed weight
and thickness of ribs between channels in the other case. The trade-off analysis is performed by means of
anumerical approach presented and validated by [7]. This approach, which is based on a quasi-2D model,
permits to have fast and complete information on the thermal evolution in cooling systems characterized
by HARCC, because of its capability to describe the thermal stratification as well as the temperature
distribution along the whole cooling channel structure.

TEST CASE DESCRIPTION

The considered cooling system is composed of straight rectangular passages which contour a cylindrical
chamber with an internal radius » = 150 mm, a length L = 400 mm, and an internal wall thickness
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sw = 1 mm. The reference cooling channel geometry is characterized by rib and channel thickness
t, = b = 2mm, and height » = 16 mm, which corresponds to A = 8. The resulting number of cooling
channels is N = 236. Of course, for a given internal radius, the circumferential length of the cooling
circuit, 2rr = N (b + t,,), is constant for every channel geometry. The selected criterion to vary the
channel aspect ratio is obtained considering the constraints of 2~ = const (which means, same overall
dimensions) and N - h - t,, = const (which means, for a given material, same weight). The dependency
of the geometric parameters on channel aspect ratio A is shown in Fig. 1.
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Figure 1: Dependency of the cooling circuit geometric parameters to channel aspect ratio.

In this analysis, the solid material is assumed to have a hydrodynamically smooth surface and a ther-
mal conductivity &, = 390 W/m K, that is a typical value of the copper alloys used in rocket engine appli-
cations, such as AMZIRC or OFHC-copper [8]. The hot-gas is characterized by a constant value of heat
transfer coefficient and adiabatic wall temperature along the chamber length: A, 5, = 16000 W/m* K
and 75, », = 3500 K, which are representative of conditions of high-performance rocket engines thrust
chambers. The external wall is assumed adiabatic. The coolant is supercritical hydrogen and the inlet
coolant conditions are 7;,, = 80 K and p;,, = 80 bar. Finally, for the reference case of A = 8, the mass
flow rate of the single channel is 7 = 0.171 kg/s; thus, the resulting Reynolds number of the turbulent
flow is Re = 4 - 106,

PRELIMINARY RESULTS

With reference to the cooling channel design of Fig. 1, two different parametric studies with variable
channel aspect ratio are performed. The first parametric study refers to the case of constant coolant mass
flow rate 7, = 40.28 kg/s, which is the value used for the reference case of A = 8. Also inlet coolant
temperature and pressure are the same for all the considered channel aspect ratios. The aspect ratio is
varied from 4 to 20. The resulting wall temperature and the heat flux at the hot-gas side, obtained with
the quasi-2D model, are presented in Fig. 2.

The wall temperature decreases and the heat flux increases for increasing channel aspect ratio. More-
over, it is worth emphasizing a peculiar thermal behavior for increasing channel aspect ratio. In fact, if
A < 8 the wall temperature, after the flow development close to the channel inlet, reaches a maximum
between z ~ 50 mm and 100 mm and then decreases (Fig. 2(a)). This is explained by the heat transfer
decrease in the flow development region and the subsequent heat transfer increase due to the increasing
coolant thermal conductivity with temperature; the minimum heat transfer coefficient reached after flow
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Figure 2: Hot-gas side parametric behavior.

development causes the maximum wall temperature. The decrease is nearly 60 K in case of A = 4
while, in the reference case of A = 8, the wall temperature is nearly constant all along the channel length
for z = 50 mm. A further increase of the aspect ratio implies that the wall temperature progressively
increases in the streamwise direction. The temperature increase is nearly 125 K in case of A = 20.
Note that the wall temperature increase is limited by the channel length; that is, the longer the channel the
larger the temperature increase. Thus, even if the wall temperature level of A = 20 is well below that of
A = 8, it must be considered that a marked increase of the wall temperature is not wanted in the actual
application because of the possible excess of the maximum allowable wall temperature after a certain
channel length. The deterioration of the cooling capability in case of very high aspect ratio can be easily
related to the heat flux decrease along the channel length (see Fig. 2(b)). This effect, which is due to the
limited mixing and thermal stratification within the coolant that takes place in case of high aspect ratio and
has been already noticed in Ref. [9, 6], cannot be described with a one-dimensional model because of the
absence of the coolant and wall thermal conduction in the radial direction.

In Fig. 3(a) the coolant pressure drop, Apy, and the power loss, AW = 1, Apo, that is the re-
quested coolant pump power to overcome pressure loss in the cooling circuit, is shown for the considered
aspect ratio range. The results highlight that in case of constant coolant mass flow rate the reduction of
maximum wall temperature with increase of channel aspect ratio is offset by the increase of both pressure
drop and power loss. Passing from A = 4 to A = 20 these variables increase by a factor of about 13.

The second parametric study is performed considering variable coolant mass flow rate with the con-
straint of maximum hot-gas side wall temperature. The selected value is 7;, ,, = 730 K, which pertains
to the reference case of A = 8 and r;,; = 40.28 kg/s. Searching for the required coolant mass flow
rate is made iteratively so that the wall temperature satisfies the constraint 777"z = 730 K. Of course,
due to the effect of limited coolant mixing and thermal stratification in case of high aspect ratios seen in
Fig. 2(a), the maximum wall temperature is encountered in the initial part of the channel length if A < 8
or at the channel exit if A > 8.

The behavior of the coolant pressure drop, mass flow rate, and power loss, is shown in Fig. 3(b) as
a function of channel aspect ratio, within the range 5 < A < 20. Note that the cases of aspect ratio
lower than 5 are not considered because they are not able to satisfy the constraints of 7,72 = 730 K
and subsonic flow. The required constraint of imposed maximum wall temperature can be achieved with
decreasing coolant mass flow rate as channel aspect ratio increases. In particular, passing from A = 5 to
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Figure 3: Cooling channel parametric behavior.

20, the mass flow rate almost halves, ranging from 58 kg/s to 31 kg/s. The coolant pressure drop exhibits
a minimum for A = &, which is Apy = 8.6 bar; the pressure drop for smaller or larger aspect ratios is
consistently higher, being Apy = 11.8 bar for A = 5 and Ap, = 14.6 bar for A = 20. The minimum
pressure drop is due to the fact that the coolant heat transfer coefficient increases with \ because of
the hydraulic diameter reduction but this behavior is limited by the “thermal stratification” that occurs for
very high aspect ratios. These conflicting phenomena, for a given maximum wall temperature, lead to a
minimum pressure drop. As a consequence, also the power loss through the cooling circuit presents a
minimum value. This minimum is located around \ = 10; with respectto A = 5 and A = 20, the power
loss is reduced by 55% and 31%, respectively.
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