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Abstract

A numerical tool to simulate micro-channel flow and heat transfer in compact heat exchangers is developed. The method is based on
a forced convection porous body approach combined with conventional pipe flow closure correlations. The proposed technique aims to
provide developers of micro-channel heat exchangers with a fast efficient tool to estimate the thermodynamic behaviour dependent on
geometry and operation conditions. The program calculates outlet temperatures, pressure losses and vapour volume fractions, if boiling
occurs. In addition the thermohydraulic conditions inside the heat exchanger can be determined. First results are compared to experiments
with cross flow and counter flow heat exchangers for single-phase flow and with an electrical evaporator for boiling conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction heat conduction inside the solid structure, heat transfer to
the fluid, pressure loss, momentum and heat exchange in
Micro-channel heat exchangers are beneficial in thermal two-phase flow by known empirical correlations. This makes
and chemical process engineering applications when largethe calculation more efficient and flexible. Characteristic
heat transfer rates are needed and small sizes of the devicegdata depending on different boundary and operating condi-
are of advantag¢l]. To optimise the design of heat ex- tions can be produced using coarse meshing compared to
changers it is essential to have simulation tools describingusual CFD applications. Complicated and time-consuming
the operational behaviour of the devices. Most of the actual grid generation is not necessary. Different channel geome-
procedures to simulate heat transfer in micro-channel heattries can be introduced simply by the hydraulic diameter
exchangers® > 50um) are based on structure and fluid combined with appropriate correlations for the Nusselt num-
domain resolving calculations of single channels or groups ber. Switching from laminar to turbulent flow conditions is
of channels including fluid flow and conjugate heat transfer automatically taken into account by the constitutive corre-
[1-5]. If possible the whole apparatus is mapped using com- lations. For two-phase flow with boiling in micro-channel
mercial CFD codes with very high numerical effort. Such heat exchangers and void fractions up to one some simpli-
methods are limited by the number of simulated channels fied description of the physical problem as proposed in the
and the dimension of the apparatus including inlet and out- following currently seems to be the only practical option.
let. On the other hand, they are capable to handle complex For single-phase flow in micro-heat exchangers detailed
geometries in detail. The situation becomes more compli- CFD simulations and simplified simulations can comple-
cated, if two-phase flow including phase change due to heatment each other. Commercial CFD tools have the advantage
transfer is considered. of the possibility to model nearly all kind of geometries in
In this paper an approach based on empirical models isdetail including housing and inlet—outlet regions and can also
used to simulate micro-channel heat exchangers. This hasaccount for heat losses at arbitrary formed surfaces. They
several advantages compared to the use of more sophistigive detailed information about flow and heat flux inside the
cated geometry resolving up to date commercial CFD tools. channels and in the structured material. Such tools can be
The simplified tool models the main physical processes like used to compare their results with the conventional empirical
pressure loss and Nusselt number correlations. With increas-
* Tel.: +49-7247-823802; fax:-49-7247-823718. ing computer power they have also the potential to produce
E-mail addressimke@irs.fzk.de (U. Imke). characteristic parameter curves of the devices in future.
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Nomenclature

Ciarge large real number: 28 (W/(m3K?2))
Cs heat capacity of porous structure (J/(kg K))
hydraulic diameter (m)
e internal energy of liquid (J/kg)
ev internal energy of vapour (J/kg)
| friction at vapour—liquid interface (N/&)
FwL  wall friction of liquid (N/md3)
Fwy  wall friction of vapour (N/n¥)

g gravity (kg/(m ))

h heat transfer coefficient (W/@#K))

hom  modified Bromley coefficient (W/(#K))
hgbm Modified Dittus—Boelter coefficient (W/(#K))
hmac Chen macro-convection coefficient (WA))
hmic  Chen micro-convection coefficient (W/&K))
hs.  saturation enthalpy of liquid (J/kg)

hsy  saturation enthalpy of vapour (J/kg)

I distance from channel entrance (m)

Nu Nusselt number

Nuam Laminar Nusselt number without entrance

effect
P pressure (Pa)
Pr Prandtl number
QH internal heat source in porous structure (\Vym
Q heat exchange between phases (W/m

Qi liquid-interface heat exchange (W¥n
Qv  vapour-interface heat exchange (Wjm
QwL heat exchange between structure and liquid

(W/m3)

Qwv heat exchange between structure and vapour
(W/md)

Re Reynolds number

t time (s)

T temperature of liquid (K)

Ts temperature of porous structure (K)

Tsar  Saturation temperature (K)

Tv temperature of vapour (K)

Vmax Maximum velocity component in a mesh
cell (m/s)

WL velocity of liquid (m/s)

W velocity of vapour (m/s)

At time step length (s)

AX mesh width (m)

Greek letters

oL volume fraction of liquid

ay volume fraction of vapour (void fraction)

r rate of evaporation/condensation (kg#(s))

AS thermal conductivity of porous structure
(W/(mK))

UL dynamic viscosity of liquid (Pas)
oL density of liquid (kg/nd)

0s density of structure (kg/®)

ov density of vapour (kg//f)

The method described in the present paper needs experi-
mental validation of the models and closure laws. The essen-
tial integral results to be compared are the fluid temperature
change and the pressure loss along the apparatus. In the case
of two-phase flow void fraction or vapour quality could be
compared in addition. Moreover, the simplified simulation
provides information about the space distribution of temper-
ature, pressure, velocity and liquid volume fraction inside
the heat exchanger.

In the following sections the new computer code TwoPor-
Flow (two-phase porous flow) is presented. In the first
part the method, the basic equations and the used closure
laws are described. The second part shows the applica-
tion of the code to different kinds of micro-channel heat
exchangers.

2. Development of the code TwoPor Flow
2.1. Method

To realise a simplified efficient method taking into account
the essential physical processes of flow and heat transfer in
a micro-channel heat exchanger a porous media approach
is used[6]. The code TwoPorFlow is developed to simulate
single- and two-phase flow including heat transfer and phase
change in multi-micro-channel devices. The two-fluid model
[7] is taken to describe the flow of the liquid and gaseous
fluids inside the one-dimensional channels. The solid struc-
ture is represented as a porous medium with its own temper-
ature field. Wall friction, heat transfer between structure and
fluid, and the momentum coupling between the fluid phases
are modelled by conventional empirical correlations. Sim-
plified equations of state and a boiling curve for water are
implemented.

To solve the conservation equations for energy, mass
and momentum in three-dimensional Cartesian coordinates
a semi-implicit numerical procedure based on the implicit
continuous Eulerian (ICE) method is us4d,8]. That
method is particularly suitable for evaporation and conden-
sation processes appearing in two-phase flow. The coupling
with the solid structure heat conduction calculation is done
in an explicit manner. Steady states are calculated by a
transient approach.

2.2. Basic equations

TwoPorFlow is a two-phase code designed to de-
scribe a liquid and the appropriate vapour embedded in
a regular or irregular structured porous body. The appli-
cations presented isection 3are characterised by uni-
directional flows combined with three-dimensional heat
conduction, but the code is generally able to calculate
fluid convection in three dimensions. The meaning of the
variables used in the following equations is given in the
nomenclature.
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The mass conservation equations for the two phases are: The heat conduction equation in the porous body is given

by
daLpL) . -

T div(eLpL VL) = =1} (1) oTs

pSCsa— = div(xsgradTs)) — OwL — OQwv + Q1 (11)

davov) | . - 4
————= +div(avpov W) = I} (2) . . o

ot whereQy is a volumetric heat source inside the structure,
a +ay =1 3) which can be used to simulate electrical heating for instance.

In the case of a single-phase flow simulation the number
The source term/”; describes the rate of evaporation or of equations is reduced to account for the corresponding
condensation at the liquid—-vapour interface. phase only, and the phase coupling terms are set to zero.
The numerical solution procedure described later uses the

momentum equations in hon-conservative form: 23 Closure correlations

QL pL % +oaLpL Vi grad Vi) + o gradP) There is an intense discussion in the literature whether the
N . conventional constitutive equations for pressure loss and heat
=—Fw +F +apg (4) transfer of pipe flow can be used for micro-channels. Some
authors find different behaviour for the transition from lam-
IV - - inar to turbulent flow and deviations for the Nusselt number.
avpv— avpv W grad W) + ay grad P) A critical review is found in Refs[9,10]. In Ref.[11] it is
- - . concluded that the conventional Navier—Stokes and energy
=—Fwv — Fi +avpvg () equations can accurately predict the heat transfer and pres-

Momentum transfer by phase change is not taken into ac-sure loss characteristics of micro-channel heat sinks with
count. The gravity term is not important for the flow in (231pm x 713um) rectangular channels. For boiling heat

micro-channel heat exchangers and is set to zero in the calransfer Kandlikaf12] gives a review about the most im-

culations. The friction between fluid and wall is given by portant effects like nucleation, flow patterns, pressure loss
FwL and Fyy, whereas the coupling at the liquid—vapour and heat transfer. It is indicated that as a first-order estimate

interface is provided bﬁ- heat transfer may be predicted using the flow boiling corre-

For energy conservation the internal energy is used as the/@tions developed for large diameter tubes. _
main variable: In the examples presented in this paper the conventional
equations for heat transfer and friction are used without mod-

Howpeer) +diviaLpLeL Vi) + Pdiv(e V) + paa_'- ifications, but if necessary special micro-channel correla-
ot ot tions will be implemented for future studies. Most of the well
= OwL — O (6) known correlations are given with reference to the literature,

whereas some specialities of TwoPorFlow are explained ex-

Ay pvev) . . . . dary plicitly. The wall friction for single-phase flow is modelled
—, T dVlavovevW) + Pdiviay W) + P—= by simple laminar and turbulent pressure loss coefficients for
one-dimensional channel flow as given in R@f3]. In the

= Qwv + O () turbulent regime the Blasius correlation is used. The tran-
whereQw. andQwy are the heat transfer terms between sition from laminar to turbulent flow is realised by using a
porous structure and liquid and vapour, respectiv@|yde- transition spline function between the Reynolds number of
scribes the heat flux at the liquid-vapour interface cou- 2000 and 2600. For two-phase flow the Lockhart-Martinelli
pled to evaporation and condensation processesndQ multiplier is apportioned between the friction terms of the
are linked by the vapour-interface and liquid-interface heat vapour and liquid momentum equation applying the method
fluxes: described by Kelly and KazinjiL4].

For the momentum exchange between the phases three

Qw + lihsy = Qi (8) different models are available: equal velocities, a drift flux
O — INhs. = — 0, (9) model and a two-fluid simplified coupling correlation given

by Kelly and Kazimi[14], which is used in the present
The two equations can be combined to calculate the masscalculations and given here:

transfer:
+ - 101—év | 101—ay VIV — V|
n—_(Qvton (10) Fi== 4+ 2
hsy — hsL ayD ayD 2
The heating of the fluid from wall friction is neglected. It x (W — W) (12)

plays a role for large velocities in pure gas micro-channel
flows and will be implemented later in TwoPorFlow. ay = max(ay, 0.1) (13)
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The first term accounts for the drag of vapour bubbles mov- can be given as input to build appropriate state and property

ing through the liquid. The second term represents a form functions.

loss resulting from the motion of two continuous streams

describing the annular flow regime. The above correlation 2.4. Numerical solution

substitutes a more complicated momentum coupling flow

map, which is not available for micro-channel flow in de-  The numerical solution of the basic equations combined

tailed form. Virtual mass effects are not included, because with the closure laws is based on a finite-volume method

only steady-state results are of interest here. with a staggered grid configuration in three-dimensional
In a first version of TwoPorFlow the mass and energy Cartesian coordinates. All scalar variables are cell-centred.

exchange terms related to evaporation and condensation ar@he velocity components are located on cell faces. All con-

set to describe a homogeneous mixture of vapour and liquid vective terms are calculated with a standard first-order donor

at saturation temperature. This condition can be reached bycell scheme. Time integration is first-order semi-implicit,

setting whereas the momentum convective terms are treated explic-
2 itly. The non-conservative momentum equations are written
O = —Clarge(Tsar — 1) (14) as finite-difference equations. They are rearranged in a way

that the new time step velocities are rewritten as a linear
function of the local and adjacent cell implicit pressures. The
O\ = Clarge(TsAT — Ty)? (15) set of conservative continuity and energy equations is cell
volume integrated in consideration of the volume and area
for sub-cooled vapour, whel@arge is a large real number  porosities given by input. The velocity components in the
(102 W/(m? K?)) to drive the temperature of vapour and lig-  cell boundary flux terms are eliminated by the linear pressure
uid close to the saturation temperature. However, in generalfunctions derived from the momentum equations. Now a set
the code is prepared to simulate thermal non-equilibrium, of equations is defined for the void fractian,, the internal
too. In this case appropriate equations have to be defined forenergiesg, andey, and the pressuré, at the end of the
Qv andQy.. time step. These equations are solved by a Newton—Raphson
For non-boiling cases the heat transfer between porousmethod using the temperatures instead of the internal ener-
structure walls and the fluids is given by standard Nusselt gies as main variables. All non-linear implicitly taken values
number correlations used for conventional channel flow. Ac- are replaced by a first-order development with respect to the
tually the formulas from the VDI-Warmeatl§t3] are used. main variables. The derivatives of the closure laws for mass
A correlation for irregular non-channel-type structures is and heat transfer have to be calculated, if they are treated
provided, tod15]. The transition from laminar to turbulent  implicitly.
heat transfer is made continuously differentiable by using a  The resulting system of equations to be solved for each
transition spline function between the Reynolds number of Newton iteration couples the change per time step of void
2000 and 2600 as used for the wall friction. fraction, of liquid and vapour temperature and pressure in
For convective boiling of the saturated liquid the well a cell with the change of pressure in the six adjacent cells.
known heat transfer correlation of Chen is used in the form After inversion of a 4« 4 matrix at each cell a Poisson prob-
given by Kolev[16]. The minimum film boiling temperature  lem for the pressure changes remains to be solved. A di-
is computed by equations given by Groenveld and Stew- rect solver based on a Cholesky-type method is used. From
art [17]. The film boiling correlations are taken from the the pressure changes the changes of the other main vari-
two-phase flow code THERMIT14]. The combination of  ables are calculated. The Newton method converges depen-
all these correlation defines the boiling curve for the liquid, dent on a user-controlled pressure criterion. Using the linear
which is qualified for water only. A short summary of the pressure-dependent functions for velocity components the
used heat transfer correlations is giverirable 1 new velocities can be calculated from the new pressure field
The simplified equations of state and property functions at the end of the time step. The described procedure is an
for water are taken from THERMIT14]. For other fluids extension of the implicit continuous Eulerian (ICE) method
under single-phase flow conditions polynomial coefficients developed for single-phase fld@]. It is specially suited for

for super-heated water and

Table 1

Heat transfer coefficients used in TwoPorFlow for the present applications

Flow regime Source Type of correlation

Laminar forced convection VDI-Wéarmeatl§3] Nu= \3/NL€',1er1 +1.613Re PrD/1

Turbulent forced convectiorP{ < 1.5) VDI-Warmeatlag13] Nu = 0.0214R&8 — 1000)Pr®4[1.0 + (D/)%/?]
Turbulent forced convectiorP{ > 1.5) VDI-Warmeatlag13] Nu = 0.012(R&87 — 2800)Pro4[1.0+ (D/)%/3]
Convective nucleate boiling Kolejd 6] h = hmac + hmic

Convective film boiling Kelly and Kazim[14] h = hgbm + hom
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flows with phase change, because source terms (mass and MWILEW
energy exchange) can be handled implicitly. A more detailed

description and the advantages of that method are reported F‘ﬁ‘:’
in Ref.[7]. '

The heat conduction equation of the porous structure is
solved with a finite-volume method, too, but all terms are Dﬁ =
treated fully explicit. - ;ﬂ

Stationary solutions are found by performing a transient % e
calculation starting with appropriate initial and boundary \ =
conditions and stopping the simulation if steady state is
reached for the main state variables. The time step is limited :
by the Courant condition using the convective velocities and HN“_—ET
the thermal behaviour of the porous structure given by the Cubical heat
expressions: exchanger

Ax 16 | Micro- structured foil
Ar < mincellsdirections( )
VMAX 200 m E I_“]\ )
. pS S 2 i
Ar < mlncellsdirections<0 —(Ax) ) (17) ‘ 200 llm x 100 pm ‘

In addition the user can control the time step by giving upper

L . . ? Fig. 1. Principle of micro-channel cross flow heat exchanger.
limits for the change of the main variables per time step.

sured curvesHigs. 2—4 without using any further special
fitting parameters. The results are generated by a continuous

3. Applications quasi-steady-state run changing the inlet water flow rates
smoothly in time. Using an “IBM pSeries630 POWER4”
3.1. Cross flow heat exchanger AIX workstation the CPU time to get the continuous curves

is about 1 h. Deviations in the temperature behaviour can be

For single-phase water flow in a 1 éroubic cross flow  caused by using a constant Nusselt number of 3.4 for lami-
micro-channel heat exchanger integral results with TwoPor- nar flow, although the heat flow is not uniformly distributed
Flow have been obtained and compared with measurementsaround the channels and the temperature along the channel
[1,4]. The heat exchanger is made of 50 stainless steel foilsstructure is not constant. Pressure loss is more difficult to
with 34 micro-channels per foil. The rectangular channels calculate, because small deviations from the nominal geom-
with a cross-section of 2Q0m x 100pm have a length of  etry strongly influence the result. Moreover, inlet and outlet
14mm. The width of the fins and the bottom is 300. pressure losses can be estimated, only. Around a flow rate of
Each foil has two neighbouring foils on top and bottom ro- 350kg/h the flow in the warm passage becomes turbulent,
tated by 90. Only 10 mm of the channel length has direct which can be seen clearly in the pressure loss curve changing
contact to the crossing neighbowiig. 1). Neglecting heat
losses at the device surfaces one cross flow module contain- 70
ing two foils is used in the simulation. This module is sub-
stituted by a porous body with a volume porosity of 0.33 60
subdivided into a mesh of 2 48 x 48 cells including small

TwoPorFlow

inlet and outlet flow regions. Blocking walls which set the g 5] O measured
mass flow rate between the numerical cells to zero are usedg

to force the flow directions and to separate the different pas- & 40

sages. Inside the inlet region the fluid flow is distributed au- € 20

tomatically to the different channels dependent on the local &

pressure loss. The outlet region provides the system with a;

homogeneous outlet pressure given by the experimental set-2
tings. The mass flow rates of the initially cold water(® 10
in one passage and the warm water{€%in the other pas-

sage are the same. For the channel inlet and outlet pressure g
loss coefficients an estimated value of 1.0 is assumed. The
course of water temperature change and pressure loss dur-
ing the flow through the device depending on the mass flow Fig. 2. Temperature increase of cold inlet water leaving the cross flow
rate can be calculated nearly in accordance with the mea-heat exchanger dependent on the flow rate.

PR PR PR L
200 400 600 800
flowrate(kg/h)
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Fig. 5. Principle of counter flow heat exchanger.

400
flowrate (kg/h)

600

100 [~
Fig. 3. Pressure loss in passage entered by cold water in the cross flow
heat exchanger.

90

its slope Fig. 4). The good agreement of experimental re-

sult and simulation shows that the transition from laminar
to turbulent flow occurs in the present case at a Reynolds
number of about 2300 as in conventional pipe flow.

80

70

3.2. Counter flow heat exchanger

TwoPorFlow O
measured

©)

60

outlet temperature of cold water (C)

The counter flow heat exchanger is made of one double-
sided structured stainless steel foil with 20 (200 x
200um) channels on both sides with a length of 18.5cm.  so'!—m——7—"yl—————L— v —
The width of the fins is 10m and the total thickness
of the foil is 600um (Fig. 5. The foil is enclosed by a
massive stainless steel housing including inlet and outlet,
which is not considered in the simulation. Two adjacent
channels with opposite flow directions lying one on top cells. The warm inlet passage (9@) has a constant feed
of the other are used as representative region of the heabf 20kg/h, whereas the water flow rate at the cold inlet is
exchanger. That region is substituted by a porous body with varied. The calculation needs a CPU time of 20 riiigs. 6
a porosity of 0.44 subdivided into a mesh ofx12 x 37 and 7show the temperatures at the outlet dependent on that

flow condition. The temperature predictions given by the

flow rate of cold water (kg/h)

Fig. 6. Counter flow outlet temperature for the cold inlet water.
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s 6 r
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@ E @) measured = L O measured
o c L
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&) 3 - o |
o N =l 3
o L © 70~
s 2 5 [
5 N o L
2 r e [ O
et I O ] L
o 1 - O O O § 60
C 5 [
« i L1 L L ° [
200 400 600 800 =
flow rate (kg/h) 50 L L

Fig. 4. Pressure loss in passage entered by warm water in the cross flow

heat exchanger.

5 10 15
flow rate of cold water (kg/h)

Fig. 7. Counter flow outlet temperature for the warm inlet water.
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120

data, but the pressure loss is overestimated in this case. For ;;,
the warm passage with constant flow rate a pressure loss

of 9bar is calculated compared to a measurement of 7 bar

only. The pressure loss is sensitive to small cross-section©
area deviations and the channel surface roughness which isS
not taken into account in the actual code version. Besides, g
the pressure is measured in the inlet and outlet regions g
outside the micro-channels. The effect of entrance flow at 2

a group of sharp-edged channels is simulated by pressure% 0
o

loss coefficient estimation.
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O O.O.O.Q.Q.Q.Q.O.O
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O.o

O o°

0.0°

©)

measured
TwoPorFlow

3.3. Electrically heated evaporator ZO\f L1
100 ‘ ‘ 2(IJO ‘ ‘ 4(IJO ‘
power (W)

‘ 6(I)0 ‘ ‘ 8(I)0 ‘
Between two stainless steel plates a number of micro-
structured stainless steel foils and spacer blocks are arranged
in alternating order. Cartridge resistor heaters are inserted
into holes of the spacer blocks. For the present example six N - _
foils each with 103 (20Q.m x 100xm x 54 mm) channels let under boiling conditions. They can be caused by physical
are heated with a maximum power of 900 W and cooled by and numerical reasons. In the present case a stable solution
a water flow rate of 4.4kg/h with an inlet temperature of Can be found, because no dry-out of the channels occurs
18°C (Fig. 8. The arrangement of the channels inside the and the inlet mass flow is fixed. Simulation of boiling needs
foils is the same as for the cross flow heat exchariger (). more CPU time than single.—phase flow calculations. For the
During the experiment the power and the pressure boundaryPresent results about 20 min are taken by TwoPorFlow.
conditions at the outlet are changed. The flow rate is held _Fig- 9shows the outlet temperature dependent on the elec-
constant. More details about this kind of micro-evaporators ¢ POwer inserted into the device. After onset of boiling the
are documented in Refl]. curve becomes flat because the saturation temperature is de-
The two-phase flow simulation with TwoPorFlow is Pendenton pressure only and no overheating of vapour oc-
done in a simplified one-dimensional model. A homoge- CUrs: Generally the temperature is a little bit overestimated
neous power distribution is assumed and one representativélué to heat losses in the experimental setup not considered
channel is simulated with 27 axial mesh cells. Under the N the simulation. Due to the fact that the heat source is not
above-mentioned conditions (change of system Ioressure)dlrectly .Iocated inside the microstructure, heat _Iosse; play
a quasi-steady-state run cannot be performed to generaté More important role than in the devices des_crlbed in pre-
a continuous result. For each parameter point new initial Vious sections. For the inlet pressure showrtig. 10the
conditions (power and pressure) are used to get a stablggeneral tendency is reproduced, l_Jut for single-phase liquid
steady-state solution after running a transient. The main dif- low the pressure loss is underestimated.
ficulty in two-phase flow simulation in such small channels  The distribution of velocities and void fraction along the
is the occurrence of flow and pressure oscillations at the out-"€ated micro-channels in the boiling region is plotted in

Fig. 9. Outlet temperature of the electrically heated evaporator.

1.6

: °
15 O
L [ measured O O °®
00000 L :
g 14 *,°
e oo o
IO 0000 ol v
n 213 s
(o] $ L
- 3 4 O
DO 0OI00O RPN R HIR TR P
1 : ©coo®o
I 1 I 1 r
/ \ 1.1
y C
‘ Heater ‘ ‘ Spacér block ‘ L
/ i 1 L T T T T
; i 0 200 400 600 800
‘ Micro-channel foils ‘ Flow direction power (W)

Fig. 8. Principle of electrically heated micro-channel evaporator. Fig. 10. Inlet pressure of the electrically heated evaporator.
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