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a b s t r a c t

To enhance the thermal efficiency of aero-engines, many works on numerical and experimental eva-
luation of cross corrugated heat exchangers for applications such as intercoolers and recuperators have
been reported. However, numerical analyzes of unit cells or of corrugated flow passages in cross cor-
rugated heat exchangers cannot be compared directly with experimental analyzes performed only at
inlets and outlets. This paper presents results of the direct measurement of static pressure distribution in
a corrugated flow passage: measurement was performed by embedding pressure tapping holes con-
nected with microchannels into the corrugated plate, which had a thickness of 200 μm. Four corrugated
plates were stacked and brazed to manufacture a real scale cross corrugated heat exchanger. The static
pressure distribution was successfully measured inside the compact and complex heat exchanger. The
friction factors for different Reynolds numbers were correlated for hydrodynamic performance evalua-
tion. Finally, the friction factor was discussed with a consideration of the accuracy of the manufacturing
of the cross corrugated heat exchanger.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Aircraft gas-turbine engines operate on the simple Joule–
Brayton cycle. The ideal cycle consists of isentropic compression in
a compressor, isobaric heating in a combustor, and expansion in a
turbine. Then, the total power or thrust can be obtained from the
enthalpy–entropy diagram. To improve the efficiency of the gas
turbine cycle, the gas entering the combustor can be heated to
allow for less heat input or can be cooled down in the compressor
for less work input. Similar to intercooling, reheating in the tur-
bine can also enhance turbine efficiency by increasing the work
done by the turbine.

To increase the overall efficiency of a gas turbine, heat ex-
changers such as recuperators and intercoolers are often con-
sidered to heat the combustor and compressor. When the thermal
efficiency of a heat exchanger is considered in terms of minimum
volume and light weight, a cross corrugated heat exchanger
(CCHX, hereafter) is the most practical candidate to apply for the
recuperator and intercooler. A CCHX has a high ratio of heat
transfer surface to volume because it has a high ratio of heat

transfer surface to volume, and rigorous hydrodynamic mixing
resulted from corrugation [1,2].

Fig. 1 provides a schematic of the CCHX. Number of corrugated
plates is stacked with an inclination angle between adjacent cor-
rugated plate rows, β. Using the corrugated plates, the hot and
cold sides of the heat exchanger are separated with a particular
ratio of pitch-to-height. It has been determined numerically and
experimentally that the thermal performance of the CCHX de-
pends on the inclination angle and the ratio of pitch to height of
the corrugated plates [3].

There is a limit to analyze the full model of the CCHX nu-
merically. As introduced in the previous work [4], even one unit
cell of the corrugated flow passage in the numerical domain is
meshed with approximately millions grids to obtain insensitive
solution to grid density and for one corrugated flow passage
formed by a pair of upper and lower corrugated plates, at least
more than 300 million grids are required for simulation. Therefore,
most previous works have reported the hydrodynamic perfor-
mance of unit cells and have possibly extended their analysis to
the single corrugated flow passage [5]. Various geometrical para-
meters such as the inclination angle, pitch and height, and the
Reynolds number have been examined. Also, various turbulent
models have been studied and their results have been compared
with data in the literature [4,6] and validated with experimental
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data obtained for conventional cross-corrugated surfaces [7].
One alternative is to examine the hydrodynamic performance

experimentally. However, the hydrodynamic performance can be
evaluated only by measuring pressure at inlets and outlets because
it is not possible to install bulky sensors in the corrugated flow

passage of the compact and complex CCHX without disturbing the
flow [8]. Instead, a large model with geometric similarity was used
for the experiment. An inclination angle in the range of 30–79°, a
ratio of pitch-to-height (P/H) in the range of 2.0–4.0, and a Rey-
nolds numbers in the range of 500–5000 were considered [9].

Nomenclature

As upper and bottom wetted surface area of unit cell, m2

Ain inlet area of unit cell, m2

Dh hydraulic diameter, m
L microchannel length, mm
Lc length between two pressure tapping holes, mm
le entrance length of the CCHX, mm
ṁ mass flow rate, kg/s
pi initial pressure at the inlet of the microchannel, Pa
Re Reynolds number
uavg average velocity through the unit cell, m/s

∀ volume of the unit cell, m3

Greek symbols

PΔ difference of the measured static pressures along
distance, Pa

β inclination angle, °
μ dynamic viscosity of fluid, kg/m s
ρ density of fluid, kg/m3

mτ microchannel time delay, s

Fig. 1. Configuration of the stacked CCHX and unit cell in the corrugated flow passage.

Fig. 2. CCHX with the microchannel-embedded corrugated plate.
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