MIDDLE POMERANIAN SCIENTIFIC SOCIETY OF THE ENVIRONMENT PROTECTION
e SRODKOWO-POMORSKIE TOWARZYSTWO NAUKOWE OCHRONY SRODOWISKA

Annual Set The Environment Protection
Rocznik Ochrona Srodowiska
Volume/Tom 17. Year/Rok 2015 ISSN 1506-218X 82-89

Influence of Axial Heat Conduction in the Wall
on Convective Heat Transfer in the Microchannel

Jarostaw Mikielewicz, Witold Rybinski
Institute of Fluid Flow Machinery PAS, Gdansk

1. Introduction

In literature there are reported many experimental results revealed
significantly lower value of heat transfer coefficients for fully developed
laminar flow. Some of the authors are trying to explain this phenomenon
due to scale, aspect ratio of micro channels in micro heat exchanger,
roughness of the wall or axial heat conduction. The importance of axial
heat conduction increases with increasing ratio of channel thickness to
channel length, and wall to fluid thermal conductivity ratio. The fluid
temperature along the channel length in uniformly heated channel did not
increase linearly, according to many researchers. This evidence is due to
axial conduction. Davis and Gill [2] numerically investigated the effect
of axial heat conduction. According to survey of literature clearly exhibit
the effect of axial conduction on heat transfer. Herwig and Hausner [3]
compared their numerical simulation with experimental data of Tso and
Mahulikar [6] for water flow in an aluminium plate with 25 circular mi-
crochannels. Experimental evidence as well as extensive numerical stud-
ies confirm this effect.

Many authors present their results both on theoretical and experi-
mental investigation concerning usage of mini- and microchannel heat
exchangers used in environmentally friendly distributed energy installa-
tions based on ORC ([1]). However, proper design of microchannel heat
exchangers have to take into account many additional effects, for exam-
ple axial heat conduction in microchannel heat exchanger walls.
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In the present work a new analytical model is developed based on
the axial conduction effects on the local fluid temperature and on the
local wall temperature. This model is compared with available similar
theoretical models and experimental data for single-phase liquid flow.

2. Theoretical Model

Consider laminar developed flow in micro channel subjected to
constant heat flux. In this work, the analysis is oriented at evaluating the
local fluid and wall temperatures at any section of the channel in the fully
developed flow region. The model is intended to determine heat transfer
coefficient in the fully developed region taking into account conduction
in the wall. The sketch of the problem is shown in Fig. 1. Fluid is flowing
in the channel and the wall is subjected to constant heat flux on the out-
side surface. Additionally, in the model the following assumptions were
made: steady state, fluid properties are constant, fluid flow is thermally
and hydro dynamically fully developed.

Fluid in the channel is warmed or cooled by convective heat flux
qk which has lower value then heat flux q on the outside surface of the
wall. This is the reason that that convective heat transfer coefficient on
the inner surface of the wall is lower than heat transfer coefficient calcu-
lated on the basis of heat flux on outer surface of the wall.

—— fluid flow
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A heated wall
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Fig. 1. The sketch of the problem of axial conduction in the wall
Rys. 1. Przedstawienie zagadnienia wzdtuznego przewodzenia ciepla w §ciance

Considering the energy balance for:
1. the wall:

qUzqu+quz (1)
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Rewriting in details (1) we have;
a’T,

qU:heU(Tw_T/)_/lAZF (2)
2. the fluid:
me,dT, =hU(T, —T,)dz
or
. dT,
meE:heU(Tw—Tf) (3)
Assuming that for constant heat fluxes:
ﬁ = darT, (4)
dz dz

we can obtain differential equation for the wall by introducing (3)
and (4) to (2):

dT, d’T
U=mc,—2>—-1A —>* 5
1 Pdz 77 dZ %)
Solving (5) with boundary conditions —* =0 for z=L we get:
z
) ©)
dz  mc,
mc

where: M =—7 (7)

AZAZ

Adiabatic boundary condition assumed for z=L is not exactly sat-
isfied in the reality, but it simplifies mathematical calculation.

Introducing Reynolds Number Re = 4G and Prandtl Number
U

Pr=-% 57 we obtain dimensionless form of number M

A,
M* = Re 4, Ul (8)
Pr A, 4
In the case when we neglect axial conduction in (2) we have heat
transfer from wall to the fluid only through convection:
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dez
qU=hU(T,. ~T,) = e, ~ ©)

/4
where: h — nominal heat transfer coefficient for laminar developed heat
transfer.

Assuming for constant heat flux that:

dr,
£ (10)
dz dz

Introducing (10) to (9), we obtain constant gradient of tempera-
ture distribution in the wall.

ar,. qU

wz

(11)

Comparing (6) with (11) we can see that axial gradient tempera-
ture in the wall in case of taking into account axial conduction is less
than in the case when we neglect axial conduction except of beginning
conduction in the wall. Convective term in (2) is:

— — mcp de ~ mcp dTw
Geon = (T, ~Ty) =—F— == —r— (12)
Introducing (6) into (12) we get:

qcﬂ:l—exp(—M+(l—x+)) (13)
q

dz mce

In the same relation are heat transfer coefficients. The ratio of the
two heat transfer coefficients may be written as:

% =1—exp(-M*(1-x")) (14)
or
MU, | exp(=M* (1= x)) (15)
u

Relation (14) for M'=1 is shown in Fig. 2.
Average Value of equivalent heat transfer coefficient is:

h _peh (&™) o o 1
p 1! =1 (1 exp(-M ")) (16)
or
D, exp(-M") (17)

Nu_



86 Jarostaw Mikielewicz, Witold Rybinski

h . . -
Dependence of f against M is presented in Fig. 3
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3. Validation of the Model

Lin and Kandlikar [4] compared their model with numerical simu-
lation of Maranzana et al [5] for water flow in a 100 pm channel formed
by two 10 mm long and 500 pum thick silicon blocks. The channel was
heated by 30 kW/m® uniform heat flux on one wall and the other wall
was applied an adiabatic boundary condition. Fig. 4 shows the numerical
simulation results by Maranzana et al [5] and Lin and Kandlikar [5]. The
present model, Eq. (17) is also plotted in Fig.4 for comparison with simu-
lation results.
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Fig. 4. Results of numerical simulations by Lin and Kandlikar [4]

and Maranzana et al [5] with comparison to the present analytical model
Rys. 4. Wyniki porownania numerycznych symulacji wg Lin 1 Kandlikar [4]
oraz Maranzana et al [5] z prezentowanym modelem analitycznym

4. Conclusions

The effect of axial conduction is important, while reducing the
experimental data. A new model is developed to account for this effect.
The effect of axial heat conduction in the fluid is shown to be negligible
for air and water flow in microchannels for conditions generally encoun-
tered in cooling electronic equipment. The paper presents that the new
model results are in agreement with numerical simulations and experi-
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mental evidences. The model shows that the axial conduction effect in
the wall are important for gas flow in any wall material and is negligible
for water flow in metal tubes.

Nomenclature

A — channel wall cross-sectional area for axial conduction, m*
Cp — heat capacity, J/kgK

dn — hydraulic diameter of the channel, m
h — heat transfer coefficient, W/m*K

L — length of the heated part, m

M — nondimensional parameter

m — mass flow rate, kg/s

Nu — Nusselt number

Pr — Prandtl number

q — heat flux, W/m’

Re — Reynolds number

U — perimeter, m

T — temperature, K

X — distance from the entrance of the heated part, m
z — axial coordinate, m

Greek letters

A — thermal conductivity, W/mK
Subscripts

conv — convection

e — with conduction

f — fluid

w  —wall

z — conduction

+  —dimensionless (reduced)
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Wplyw podluznego przewodzenia ciepla w Sciance na
konwekcyjna wymiane ciepla w mikrokanale

Streszczenie

Opracowany zostal nowy model umozliwiajacy obliczenie wptywu po-
dluznego przewodzenia ciepta w §ciance kanalika na wymiang ciepta pomiedzy
$ciankg a przeptywajacym czynnikiem w mikrokanale. Zbadany zostat przypa-
dek ustalonej wymiany ciepta. Znaleziono bezwymiarowe kryterium umozli-
wiajace ocene waznosci wzdhuznego przewodzenia ciepta w $ciance. W publi-
kacji przedstawiono poréwnanie wynikow modelu z wynikami przy zaniedba-
niu podluznego przewodzenia ciepta oraz z wynikami innego modelu opraco-
wanego przez Kandlikara. Dodatkowo wykonano poréwnanie nowego modelu
z wynikami eksperymentalnymi innych autoréw. Osiggni¢to zadawalajace re-
zultaty.

Stowa kluczowe:
podtuzne przewodzenie w $ciance, konwekcyjna wymiana ciepta, mikrokanat

Keywords:
axial conduction in the wall, convective heat transfer, microchannel
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