International Journal of Heat and Mass Transfer 102 (2016) 528-543

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

Study of pressure drop-flow rate and flow resistance characteristics of
heated porous materials under local thermal non-equilibrium conditions

@ CrossMark

Yuxuan Liao?, Xin Li **, Wei Zhong®, Guoliang Tao?

2 The State Key Lab of Fluid Power and Mechatronic Systems, Zhejiang University, 38 Zheda Road, Hangzhou, Zhejiang 310027, PR China
> The School of Mechanical Engineering, Jiangsu University of Science and Technology, 2 Mengxi Road, Zhenjiang, Jiangsu 212003, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 18 November 2015

Received in revised form 11 May 2016
Accepted 24 May 2016

Porous materials are used as pneumatic components in a wide range of industrial applications. Such por-
ous materials contain thousands of interconnected irregular micro-pores that produce a large pressure
drop (AP) between the upstream and downstream sides of the porous material when a fluid flows
through it. The relationship between the pressure drop and flow rate (i.e., the AP — G characteristic)
and the relationship between flow resistance (y) and flow rate (the y — G characteristic) are two very
important basic characteristics. One factor affecting them is temperature, whose variation changes the
viscosity and density of the fluid. In this study, we experimentally and theoretically analyzed the effect
of temperature on AP — G and flow resistance characteristics of porous materials by heating them under
constant electric heating power. The resulting experimental AP — G and flow resistance curves shift
upward relative to their counterparts at room temperature owing to the increase in fluid temperature,
but remain within the adiabatic and room temperature curves. The temperature-effect ratio # at constant
heating power increases from 1.3 to 1.7 as the flow rate decreases from 21.53 x 10> kg/s to
5.80 x 107> kg/s, indicating that AP — G and flow resistance characteristics and pumping power change
significantly when a porous material is heated. Furthermore, temperature distributions were obtained
numerically to gain deeper understanding of the temperature effect. The effects of heating power values,
characteristic porous material coefficients, and average fluid density on AP — G and flow resistance char-
acteristics were also investigated.
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1. Introduction rate (G), i.e., the AP — G characteristics, of porous materials [6-10].

Many studies on the AP — G characteristics of porous materials

A porous material contains thousands of interconnected irregu-
lar micro-pores that produce a large pressure difference between
the upstream and downstream sides of the material when a fluid
flows through it. Such porous materials are used in a wide range
of industrial applications. For example, on a large LCD glass pro-
duction line, porous material is placed in the air flotation rail sys-
tem, allowing compressed air to flow out of the porous material
uniformly; this significantly reduces stress in the thin glass sub-
strate caused by the air flow and enhances suspension stability
[1-3]. Another typical application of porous material is in air bear-
ings. Porous materials, fabricated from sintered metal or ceramic
powders, replace conventional orifices in applications where high
load capacity, stiffness, and stability are critical [4,5]. To study
the use of porous materials as pneumatic components, we focus
on the relationship between the pressure difference (AP) and flow

* Corresponding author.
E-mail address: vortexdoctor@zju.edu.cn (X. Li).

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.05.101
0017-9310/© 2016 Elsevier Ltd. All rights reserved.

have been conducted. Lage et al. investigated two types of nonlin-
ear pressure-drop-versus-flow-rate relations [11]. Meanwhile,
Mancin and Simone et al. focused on the experimental and theoret-
ical analysis of pressure losses during air flow in aluminum foams
with different numbers of pores per inch and different porosity val-
ues [12]. Wei et al. proposed a new charge method to determine
permeability and inertia coefficients from AP — G characteristics
[13]. Calamas studied flow behavior and pressure drops in porous
disks with bifurcating flow passages. The effects of the bifurcation
angle, porosity, and pore size on the pressure drop across a porous
disk were examined computationally [14]. Naaktgeboren investi-
gated inlet and outlet pressure drop effects on permeability and
form coefficient of a porous medium [15]. Jin studied porous med-
ium flow of highly compressible gas near a wellbore; in the study, a
model with an acceleration effect was used to predict AP — G char-
acteristics [16]. Dukhan and Nihad et al. presented a new set of
experimental data for water flow in metal foam to establish vari-
ous flow regimes (from pre-Darcy to turbulent), and to assess the
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Nomenclature

Ag specific surface area, m~!

al2 viscosity flow resistance, Pa/(kgs™!)

b inertia flow resistance, Pa/(kg s™!)

Cor specific heat capacity, ] K~ kg™!

D, Darcy number

d, diameter of particles, m

G mass flow rate, kg/s

H length of the material, m

hys fluid-to-solid heat transfer coefficient, W m—2K~'

K permeability coefficient, m?

Kegr effective permeability coefficient, m?

Keefr effective conductivity of the solid, Wm ' K

Ks off effective conductivity of the fluid, Wm™'K™!

ks conductivity of the solid phase, Wm™! K™!

ke conductivity of the fluid phase, Wm™"' K

m mass of the material, kg

P pressure of air, Pa

P, inlet pressure, Pa

P, outlet pressure, Pa

AP pressure drop, Pa

APr pressure drop at constant heating power at temperature
T, Pa

APy pressure drop at isothermal conditions at temperature
T, Pa

P, Prandtl number

quw heating power, W

R gas constant, ] kg~ ! K1

Ry inner radius of the material, m

R, outer radius of the material, m

Re, particle Reynolds number

Repin inlet particle Reynolds number

Rer inlet Reynolds number at a given temperature T

r radius, m

T temperature of air, K

Ty temperature of the fluid phase, K

Ts temperature of the solid phase, K

Ttin temperature of inlet air flow, K

Trout temperature of outlet air flow, K

Tsin temperature of inlet surface of porous material, K

Ts.out temperature of outlet surface of porous material, K
0 room temperature, K

T average temperature of air, K

T, adiabatic temperature of air, K

1% volumetric flow rate, m>/s

v radial mean flow velocity, m/s

w pumping power, W

Wy pumping power at temperature T, W

Greek symbols

B inertia coefficient

y flow resistance, Pa/(kgs™!)

YT flow resistance at constant heating power at tempera-
ture T, Pa/(kg s~ 1)

r flow resistance at isothermal conditions at temperature
T, Pa/(kg s~ 1)

n temperature-effect ratio of AP, y, and W

nr temperature-effect ratio of AP, y, and W at temperature
T

u air viscosity at a given temperature T, Pa:s

Uo viscosity at room temperature, Pas

p air density, kg/m>

Po air density at room temperature, kg/m>

Os density of steel alloy, kg/m>

1) porosity

behavior of pressure drops in each regime [17]. However, these
studies were conducted under room temperature conditions. As
the temperature of a fluid changes, the viscosity and density of
the fluid change accordingly.

Many researchers have studied temperature variations and heat
transport phenomena in porous materials. Odabaee et al. experi-
mentally examined the heat transfer enhancement from a thin
metal foam layer sandwiched between two bipolar plates of a cell.
Effects of the key parameters including the free-stream velocity
and metal foam characteristics such as porosity, permeability,
and form drag coefficient on temperature distribution, heat and
fluid flows were investigated [18]. Dukhan and Nihad Direct
et al. measured actual air temperatures inside a commercial alu-
minum foam cylinder whose wall was heated by a constant heat
flux and cooled by forced air flow using a specially designed tech-
nique. The volume-averaged analytical method was used to ana-
lyze temperatures of the solid and fluid phases inside the foam.
Comparison showed good agreement between experimental and
analytical air temperatures [19]. Zhang discussed compressed air
energy storage and described a program in which it is applied to
a wind turbine system for leveling power supplied to the electrical
grid. Pressure drop, heat transfer, and temperature distribution
characteristics were presented [20]. Aboelsoud et al. numerically
studied hydraulic and thermal characteristics of V-shape corru-
gated carbon foams in air flows. The pressure drop, overall heat
transfer coefficient, and temperature contours across the foam wall
for four geometries were calculated [21]. Carpenter et al. experi-
mentally investigated aluminum foam test sections with discrete
pore-size gradients. The pressure drop, thermal performance,
pumping power, etc. were discussed [22]. However, while they dis-

cussed pressure drop-flow rate characteristics, they aimed to ana-
lyze heat transfer between porous materials and the fluid rather
than the effect of temperature variation on pressure drop-flow rate
characteristics.

In practical applications, the effects of temperature variation on
pressure drop-flow rate characteristics is of great importance, for
example, in the pumping power of metal foam heat exchangers
designed for fuel cells or other cooling systems [18,23,24]. The
pumping power is determined by temperature-dependent pres-
sure drop-flow rate characteristics, indicating that pumping power
is another parameter affected by temperature. Thus, research into
temperature effects on pressure drop-flow rate characteristics is
very important to cooling systems. On the other hand, temperature
effects on pressure drop-flow rate characteristics are also far-
reaching. For instance, Yeo studied the effect of gas temperature
on the flow rate characteristics of an averaging pitot-tube-type
flow meter [25,26]. Based on the principle of using two hot wires,
Lange investigated the characteristics of a micro-mechanical ther-
mal flow sensor operating at constant-temperature in a small
channel and considered temperature-based AP — G characteristics
[27].

However, few studies have dealt with the effects of temperature
variation on pressure drop-flow rate characteristics of porous
materials. Narasimhan performed a theoretical analysis to predict
the effects of a fluid with temperature-dependent viscosity flowing
through an isoflux-bounded porous medium channel. The pressure
drop, heat transfer, and temperature profiles of this system were
obtained by solving numerically the differential balance equations
[28,29]. Vanderlaan studied heat-flow-induced pressure drops
using superfluid helium (He II) contained in porous media. In his
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