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Abstract: A computational study on the flow development through tandem double-U-shaped-tubes compact heat ex-
changers inside exhaust nozzle is presented. In order to simplify the computational process on modeling the flow
field, the compact heat exchanger is modeled as a porous matrix by using an isotropic porous medium assumption,
which makes two-dimensional numerical simulation realistic. With the use of an existed quadratic relation which
connects the pressure drop with the inlet velocity in the external part of the heat exchanger, the permeability and
drag coefficient in the porous medium model are determined and a corresponding computational method validation
is also made. Two schemes of tandem double-U-shaped-tubes compact heat exchangers are numerically analyzed.
In relative to the baseline scheme, the modified scheme is improved by smoothing the nozzle expansion. varying
heat exchanger mounting angle and installing boat-tail ramp at the trailing edge of the last heat exchanger. The re-
sults show that the pressure losses due to the existence of local recirculation zones and inappropriate distribution of
the flow field are reduced in the modified scheme. The pressure loss coefficient is decreased from 1. 7% under the
baseline scheme to 1. 2% under the modified scheme.
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0 Introduction

Intercooler

The concept of an inter-cooled recuperative
engine is schematically shown in Fig. 1. Between

the low pressure compressor (LPC) and the high

pressure compressor (HPC), the air is forced to

flow through the intercoolers installed in the by- Hot exhaust gas -/fm@
< L . . HPC exit air f

pass duct. After HPC, the air is fed into a series o

of recuperators which are installed inside the ex- Fig. 1 Schematic of inter-cooled recuperative engine

haust nozzle of an aero-engine. The main target
of heat recuperator is the exploitation of thermal

energy from turbine exhaust gas for pre-heating (367

searchers
the air before combustion and thus to decrease fu-

el consumption and pollutant emissionst,

The heat exchangers installed in the exhaust

» Corresponding author, E-mail address:zhangjz@nuaa. edu. cn.

nozzle were previously developed by many re-
A typical kind of the heat exchang-
ers is also schematically represented in Fig. 1,

that is, the double-U-shaped bundle heat ex-
changer. This kind of heat exchanger is regarded
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as durable and low cost, which is constructed by
special profiled tubes in order to achieve a mini-
mum possible pressure drop in the exhaust nozzle
system. The heat exchanger consists of two man-
ifold tubes. The cooler air from HPC enters the
upper manifold (distributor tube) from both sides
and is distributed into the U-shaped profile tubes,
which are brazed into the manifold tubes. The
lower manifold (collector tube) collects the pre-
heated air and then leads the preheated air back to
the combustion chamber.

In general, detailed analysis of the flow
through a compact heat exchanger can be carried
out by using computational fluid dynamics (CFD)
directly"™. As the heat exchanger consists of a
large number of pipes, huge grid number is nee-
ded for the detailed grid meshes outside and inside
the numerous characteristic flow passages. The
need for computer CPU and memory require-
ments would be enormous, making the computa-
tional task nearly impossible. In order to over-
come this problem, the compact heat exchanger
can be modeled as a porous medium matrix hav-
ing the same thermal and flow behavior as the

L5101 This treatment eliminates the

original device
need to model all the characteristic passages, but
the restriction is located to the need of having a
realistic and representative pressure drop law
through the heat exchanger, providing an un-ex-
pensive computational solution of the flow field
especially when the interest is not so much fo-
cused on the flow in the direct vicinity of the heat
exchanger. In this manner, the correct pressure-
velocity relationship is the key and it should be
accurately built up for the specific heat exchang-
er.

D150 made a series of experi-

Missirlis et al.
mental and computational study for the flow de-
velopment through a heat exchanger for aero-en-
gine applications. Detailed flow measurements
using a 3-hole pitot-static probe were carried out
onal: 1 scale model of the heat exchanger in or-
der to measure the pressure drop through the heat

exchanger and the velocity distribution behind it.

Based on the experimental data, a quadratic rela-

tionship of pressure drop versus an effective local
velocity was derived for the specific heat exchang-
er. During the numerical modeling, the heat ex-
changer matrix was modeled using an isotropic
porous medium assumption. They also examined
the applicability of the quadratic law in a variety
of velocity inlet conditions configured by different
angles of attack. For all the examined cases, the
computational results agreed well with the experi-
mental data.

A numerical study on the flow development
through tandem double-U-shaped-tubes compact
heat exchangers inside exhaust nozzle is conduc-
ted by using porous medium model in this paper.
Firstly, the computational method is verified
from a simple flow inside rectangular duct
equipped with U-shaped tubes. Secondly, the
flow fields inside two-dimensional nozzle equipped
with tandem double-U-shaped-tubes heat ex-
changers are numerically analyzed. Based on the
flow field analysis of the baseline scheme, a mod-
ified scheme is presented for reducing the pres-

sure losses inside nozzle.

1 Mathematic Model for Porous Me-

dium

A porous medium assumption is widely
adopted for modeling the flow through a complex
device. A more advanced version of the Darcy-

Forchheimer pressure drop law is given by™®

SZ#DV+%pF‘V‘V (D
where S is the pressure gradient vector and V the

velocity vector. D and F are the first- and second-

order pressure loss coefficient matrix, respective-

ly.
Ip/dx D.. D, D.
S=|dp/dy|, D= |D, D, D,
2p/0= D. D, D.
F. F, F. u
F=|F, F, F.|, V=|v
F., F F. w

2 2y 22

This more advanced version of the Darcy-

Forchheimer pressure drop law aims at accurately
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predicting the pressure drop behavior of an aniso-
tropic porous medium towards the various flow
directions. For the isotropic porous medium as-

sumption, Eq. (1) can be simplified as

Vi

vy o1 _
Si=£V.+ 3G V.|V, (2

where K is the specific permeability of the porous
medium, g4 the fluid dynamic viscosity, and C the
drag coefficient.

In the flow filed computation by using a por-
ous medium model, it is essential to define the
parameters of K and C in Eq. (2). These parame-
ters can be derived the following relationship of

pressure drop versus an effective local velocity

AP p AT

L — Ly 4 GV (3)
or

AP:a1V+aZVZ (4)

where a, and a, are the coefficients.

2 Verification of
Method

2.1 Physical model

Computational

The structure of U-shaped tubes heat ex-
changer inside rectangular channel is taken from
Ref.[11], which is shown in Fig. 2. The two-di-
mensional channel is 346 mm in length and
364 mm in height. This heat exchanger is formed
by U-shaped tubes of elliptic cross section ar-
ranged in a 4/3/4 staggered configuration. The
side view of the heat exchanger and the geometric
details of the staggered arrangement of the char-
acteristic flow passage are shown in Fig. 2. The
manifold diameter is 56 mm and the supporting

plate thickness is 2 mm.
2.2 Calculation method

The computational domain used for the heat
exchanger matrix is subdivided into a number of
porous blocks, such as four rectangular blocks
and one bend side blocks, as shown in Fig. 3.
Two manifolds and supporting plates are also
modeled. Structured grids are constructed in the
blocks of the heat exchanger matrix, also in the

upstream and the downstream region of the heat

Manifolds
ﬂ __|. Supporting
[ Gas flow plate
1 || =N 10
- Inlet \Outlet
12 mm E
g e — % —
C— C— C— —
[ S— (— (— (—
o }-eooooo

Fig. 2 Heat exchanger matrices with elliptic tubes

exchanger. While in the computational zone sur-
rounding the bend portion of heat exchanger, un-
structured grids are adopted. The grid generation
is realized by using Gambit software. In the pres-
ent computation, a grid system of approximate

210 000 points is used.

Fig.3 Grid dividing (Local region in the right)

According to the experimental date', the
relationship of static pressure drop and velocity is
presented as

Ap=T.171V? + 10. 088V (5
Thus the specific permeability and the drag coeffi-
cient for this specific heat exchanger are deter-
mined from Eq. (5).

The boundary conditions of computational
domain are specified as follows. The channel flow
inlet is set as velocity inlet by giving the flow ve-
locity ranged from 3 m/s to 11 m/s. A turbulence
intensity of 5% and a turbulence length scale of
3% of the inlet hydraulic diameter are used. The
flow outlet condition is set as pressure-outlet with
the reference static pressure of 101 325 Pa. As
the heat transfer is not taken into consideration

and the flow is incompressible, the gas properties
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are set as constant with the density of 1. 196 8
kg/m? 18. 22X
10 %Pa « s.

and dynamic viscosity of

The computation is accomplished based on
Fluent software. The form of the pressure drop
given by Eq. (5) is introduced into the flow solver
in order to estimate an additional source term in
the momentum equations. SST kA-w turbulence
model is used to model turbulent flow. The
standard of result convergence is that every resid-

ual accuracy is less than 1077,
2.3 Calculation results

Fig. 4 shows the reference static pressure
(Relative to the ambient pressure) and flow vec-
tor plots through the heat exchanger. These plots
refer to the maximum inlet velocity of 12 m/s. It
is seen that a great pressure drop occurs across
the heat exchanger. Additionally, the develop-
ment of the wake behind the manifold is also ob-
served.

The computed relationship of pressure drop

p./ Pa
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(b) Flow vector plot

Fig. 4 Computed flow fields

versus the inlet velocity is presented in Fig. 5,

where Ap” = %Ap. It is seen that the computed

pressure drops inside the channel agree well with
the experimental results presented in Ref. [11],
with the maximum relative error of approximately
2.64%. It is confirmed that the present computa-
tional method is capable of predicting the pressure
loss inside the channel equipped with the compact

heat exchanger.
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Fig. 5 Comparison between the presented computation

and experimental data"']

3 Internal Flow Inside Nozzle

3.1 Baseline scheme

The nozzle is simplified as a two-dimensional
variable cross-section channel. The computational
domain is shown in Fig. 6(a). The length of com-
putational domain is 5 500 mm with inlet height
of 500 mm and outlet height of 330 mm. The
length and height of the central cone are
1 650 mm and 276 mm, respectively. Inside the
nozzle three double-U-shaped-tubes heat exchang-
ers are installed in tandem. These heat exchang-
ers are as modeled as three porous matrices.
Their original arrangement is also shown in Fig. 6
(a). The front heat exchanger is arranged hori-
zontally with mounting angle of 0°. Both the mid-
dle and the rear heat exchangers are inclined with
20°. Each heat exchanger unit has the same con-
figuration, as shown in Fig. 6(b). The U-shaped-
tubes arrangement of each heat exchanger unit is

the same as the structure in Section 2. The con-
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(b) Heat exchanger unit

(c) Constructed mesh

Fig. 6 Baseline scheme of tandem heat exchangers ar-

rangement

structed mesh is shown in Fig. 6(c), composed of
approximately 850 000 computational cells.

Velocity-inlet and pressure-outlet boundary
conditions are used with the inlet velocity of
22 m/s and outlet pressure of 101 325 Pa.

Fig. 7 presents the velocity vector inside the
nozzle for the baseline arrangement scheme of
tandem heat exchangers. It is seen that a large re-
circulation zone appears in the vicinity of the front
horizontal heat exchanger unit, downstream the
nozzle expansion section. The reason is mainly
due to the abrupt expansion of nozzle surface.
Additionally, the presence of the horizontal heat
exchanger unit aggravates the flow separation be-

cause it affects the flow expansion to the nozzle

V/(me=s')5 10 15 20 25 30 35 40 45 50 55

(a) Vector plot

[ N |
V/@m-+s')5 10 15 20 25 30 35 40 45 50 55

(b) Streamline plot

Fig. 7 Velocity vector inside exhaust nozzle for baseline

scheme of tandem heat exchangers

surface. Therefore, little primary flow is driven
to pass through the front heat exchanger. A small
recirculation zone is also observed downstream
the rear heat exchanger. The primary flow is
forced to pass through the inclined heat exchanger
units, resulting in wake flow behind the rear heat
exchanger.

Fig. 8 shows the contour plots of the velocity
components together with the static and total
pressures. It is clearly shown from Figs. 8 (a),
(b) that local streamwise velocity in the zone on
top of the front horizontal heat exchanger unit ap-
pears negatively and the local vertical velocity
passing through the front heat exchanger is very
low simultaneously. Both the streamwise velocity
and the vertical velocity passing across the middle
and rear heat exchanger units are significantly
higher than these for the front horizontal heat ex-
changer due to the non-zero angle of attack. After
penetrating the heat exchangers, the primary
flow is accelerated inside the convergent section of
the nozzle. Owing to the obstruction of the heat

exchanger units, the primary flow is expelled to
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(a) Streamwise-velocity component
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(b) Vertical-velocity component

Static pressure / Pa e .
101600 102040 102480 102920 103360 103 800
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(d) Total pressure distribution

Fig. 8 Flow fields inside exhaust nozzle for baseline

scheme
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nozzle surface in the vicinity of the nozzle outlet,
resulting in stronger streamwise velocity and in-
ward velocity. As regards as the pressure distri-
bution is concerned, the static pressure drop is
well illustrated in Fig. 8 (¢). The total pressure
distribution at the nozzle outlet is non-uniform. A
strong total pressure gradient from the nozzle

surface to the nozzle center is exhibited.
3.2 Modified scheme

Considering the flow field features of the
baseline arrangement scheme, it is inferred that
two main faults are involved in this preliminary
scheme. Firstly, a large recirculation zone in the
vicinity of the front horizontal heat exchanger
contributes additional flow loss. Simultaneously,
low penetration capacity of the primary flow into
the front horizontal heat exchanger is unfavour-
able for the heat transfer. Secondly, the wake
flow downstream the rear heat exchanger in the
vicinity of the nozzle outlet is also unfavourable
for the flow recovery.

In order to attenuate the impact of low-speed
zone and recirculation zone on aerodynamic per-
formance, a modified scheme is presented, as
shown in Fig. 9. Three modifications are made in
the modified scheme. Firstly, the nozzle surface
expansion is smoothed for weakening the recircu-
lation zone in the vicinity of the front heat ex-
changer. Secondly, the mounting angle of the
front heat exchanger is changed from 0° to 17° for
increasing the flow penetration through the front
heat exchanger. As the inclination angle of the
front heat exchanger increases, the trailing posi-
tion of the front heat exchanger declines in rela-
tive to the nozzle central line. Therefore, the po-
sitions and mounting angles of the middle and
rear heat exchangers should be adapted according-
ly. The mounting angle of the middle heat ex-

changer remains as the original angle and the

Mounting angle modification

Fig. 9 Modified scheme of heat exchangers arrangement

mounting angle of the middle heat exchanger is
adjusted from 20° to 13°. Thirdly, a boat-tail
ramp is added near the trailing edge of the rear
heat exchanger for eliminating the wake flow
downstream the rear heat exchanger.

Fig. 10 presents the velocity vector inside the
nozzle for the modified arrangement scheme of
tandem heat exchangers. By comparison with the
baseline case (See Fig. 7), it is seen that the pri-
mary flow penetration through the front heat ex-
changer is enhanced obviously and the wake flow
downstream the rear heat exchanger is nearly e-
liminated under the modified scheme. Thus it is
concluded that the modified scheme is more rea-
sonable for improving the flow performance inside

the nozzle.
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(b) Streamline plot

Fig. 10 Velocity vector inside exhaust nozzle for modi-

fied scheme of tandem heat exchangers

Fig. 11 shows the contour plots of the veloci-
ty components together with the static and total
pressures for the modified arrangement scheme.
By comparison with the baseline case ( See
Fig. 8), it is well demonstrated that the flow field
is improved. Besides the advantages of enhancing
primary flow penetration through the front heat
exchanger, and eliminating wake flow down-
stream the rear heat exchanger, the velocity and
pressure distributions at streamwise section
seems more uniform than the baseline case.

In order to evaluate the flow performance im-
provement quantitatively, a pressure loss coeffi-
cient is presented as follows

AP

—LF 6
p inlet ( )

3
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Fig. 11  Flow fields inside exhaust nozzle for modified

scheme

where Ap is the total pressure drop between the
inlet and outlet of the nozzle and p;,.. the averaged
total pressure at the nozzle inlet.

Table 1 presents the comparison of pressure
losses. From the computational results, the pres-
sure drop under the modified arrangement scheme
is reduced approximately 500 Pa in relative to the
baseline scheme. The pressure loss coefficients
for the baseline scheme and the modified scheme
are 1. 7% and 1. 2%, respectively.

Table 1 Comparison of pressure losses

Scheme ps/Pa pr/Pa &%
Baseline 2 479 1743 1.7
Improved 1911 1210 1.2

4 Conclusions

The flow development through the compact
heat exchanger inside a two-dimensional channel
is investigated with the use of computational fluid

dynamics on the base of porous medium ap-

proach. Numerical method verification shows
that porous medium model is capable of modeling
the flow field through the compact heat exchang-
er.

Two schemes of tandem double-U-shaped-
tubes compact heat exchangers are numerically
analyzed. The flow features inside the nozzle are
well illustrated by using the porous medium mod-
el. Based on the computational results for the
baseline scheme, a modified scheme is presented
by smoothing the nozzle expansion, modifying
heat exchanger mounting angle and installing
boat-tail ramp at the trailing edge of the rear heat
exchanger. This modified scheme is capable of re-
ducing the pressure drop by improving the flow

fields inside the nozzle.
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