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Abstract

The objective of this work is to study the influence of complex manifold geometries on the flow distribution between microchannels by an
analytical model and an equivalent electrical resistance network model. An optimization procedure is proposed to optimize the manifold geometries
and dimensional variations to obtain comparatively ideal flow distribution between microchannels. A specific case is illustrated by applying the
proposed optimization procedure to analyze the optimal rules for a given inlet distributing manifold geometry. Result shows that the microchannel
width dominates the optimization of outlet collecting manifold geometry and dimensional variations.
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1. Introduction

Microchannel reactors are three-dimensional structural com-
ponents with microchannels, which are manufactured on solid
materials by microfabrication technology. The incorporation of
microchannels, with characteristic dimensions on the order of
hundreds of microns, into the microreactors, offers higher heat
and mass transfer rates, as well as higher surface-to-volume
ratios, leading to improved reaction efficiency and smaller
reaction volumes. Moreover, microchannels exhibit few risks
because the flame is almost extinguished within the small dimen-
sions, providing safe operation in the range of explosion without
any special safety measure [1,2].

Introducing a single microchannel into the microreactor only
serves a single reaction, and therefore it is hard to satisfy
actual reaction requirements. Incorporating parallel microchan-
nel arrays into microreactors can integrate not only complicated
system with multiple reactions, but also enable the coupling of
endothermic and exothermic reactions, which makes full use
of the waste heat. Currently, parallel microchannel arrays have
been successfully applied into several microreactors, such as
compact fuel processors for producing hydrogen [3], CO pref-
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erential oxidation microreactors [4], micro heat exchangers [5]
and micromixers [6].

The geometrical structure of the manifolds and microchan-
nels play an important role in the flow distribution between
microchannels, which affects the heat and mass transfer effi-
ciency, even the performance of microreactors [7]. Therefore the
geometrical design of manifolds and microchannels is one of the
important design factors to be considered. Current geometrical
design largely depends on the rule of thumb, although there have
been a few related researches which mainly focused on studying
the optimal design of simple manifold geometries for uniform
flow distribution between microchannels. Commenge et al. [7]
found that when the wall of inlet distributing chamber was reg-
ular, a slight curvature could appear along the wall of output
collecting chamber if flow uniformity was to be realized between
microchannels. Tonomura et al. [8] studied the effects of rectan-
gular manifolds on the flow distribution between microchannels
of plate-fin microdevices by CFD simulation.

The advances in microfabrication technology not only make
it possible to fabricate complex manifold geometries, but also
offer much higher production efficiency and lower cost. There-
fore complex manifold geometries could be extensively applied
into microreactors gradually. The optimal design of complex
manifold geometries for flow uniformity between microchan-
nels becomes more important since simple manifold geometries
belong to a special case of complex manifold geometries.
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Nomenclature

A sectional area of rectangular channel (m?)
Dy hydraulic nominal diameter (m)

E microchannel depth (m)

F function

IDM  inlet distributing manifold

L length of manifold (m)

N microchannel number

OCM outlet collecting manifold

AP pressure drop (Pa)

Ot total feed flow rate (m3/s)

oG flow rate of the jth channels (m3/s)

R(j) flow resistance of the jth channels (Pa s/m>)

S area ratio of IDM and OCM
U fluid velocity (m/s)

w channel width (m)

W() width of jth channels (m)

X horizontal ordinate of manifold (m)
Subscripts

c microchannel

in inlet distributing manifold
out outlet collecting manifold
Greek letters

ANC non-circular coefficient

I viscosity (kg/ms)

The objective of this work is to study the influence of com-
plex manifold geometries on the flow distribution between
microchannels by an analytical model and an equivalent
electrical resistance network model. An optimization proce-
dure is proposed to optimize the manifold geometries and
dimensional variations to obtain comparatively ideal flow dis-
tribution between microchannels. A specific case is illustrated
by applying the proposed optimization procedure to ana-
lyze the optimal rules for a given inlet distributing manifold
geometry.

2. Complex manifold geometry
2.1. Description of the model studied

Generally endothermic and exothermic reactions are cou-
pled in the microreactors to improve energy recycle and reduce
thermal loss. Although the symmetric manifold geometries are
theoretically in favor of achieving ideal flow uniformity between
microchannels, the manifold geometry should deviate to one side
and leave other side as a flow passage for the other fluid to make
two fluids alternately flow between each other to exchange heat,
as shown in Fig. 1.

The model studied here consists of an inlet distributing man-
ifold (IDM), parallel microchannels and an outlet collecting
manifold (OCM), as shown in Fig. 2. The geometries of IDM
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Fig. 1. The structure that realizes two fluids alternately flow.

and OCM are curved side trapezoids, that is, three edges are
straight lines, two of them are parallel to each other, and the
third one is perpendicular to them; the forth edge is curve. The
inlet and outlet of fluid are perpendicular to one side of the
IDM and OCM, respectively. The flow pattern of fluid is a Z-
shape where the outlet flows in the same direction as the inlet
flows.

2.2. Analytical model

The curves of IDM and OCM are assumed to be continuous
equations Wiy(j) = F1[Xin (/)] and Wout(7) = F2[Xout ()], respec-
tively. Since one edge of the manifolds is curve, it is difficult
to study the condition of the fluid in the manifolds by prelimi-
nary mathematics. But F1[Xi,(j)] and F2[Xou(f)] are continuous,
they both have little changes in a small zone and can be regard
as changeless. Therefore, IDM and OCM are divided into N
mean zones, respectively, then the values of Fi[Xij,(j)] and
F>[Xouw()] in each zone are chosen as the depth for rectan-
gles, which forms N rectangular channels. Since the intervals
between the microchannels are pretty small, the sum of the N
rectangular channels can be regarded as the area of the mani-
fold, as shown in Fig. 3. The length of each rectangular channel
is L/N, and the width of each rectangular channel is F1[Xi,(j)]
and F>[Xou(j)], respectively. Certainly, there are some errors
between the analytical model and the actual manifolds, but
the practical microchannel number is adequately large, which
results in comparatively small errors.
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Fig. 2. The model studied in this work.
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Fig. 3. Analytical model.

3. Mathematical model
3.1. Pressure drop through rectangular channels

In practice, flow velocities in microchannels are usually
lower than 10 m/s and the hydraulic diameters are no more than
500 wm, so the Reynolds number is lower than 2000. There-
fore flow pattern on the microscale is considered as laminar,
and fluid is considered as incompressible and continuum in the
analysis.

Three kinds of important resistances exist during flowing in
microchannel arrays: (a) the local resistances caused by splitting
and turning when the fluid flows from IDM to microchannel
arrays; (b) the frictional resistances caused by friction effects
during flowing inside microchannel arrays; (c) the local resis-
tances caused by combining and turning as the fluid flows from
microchannel arrays to OCM. Researches [9] indicated that
the magnitudes of local resistances in microchannel arrays are
much lower than that of frictional ones, and the neglect of local
resistances can simplify the algorithm of microchannel array
model [7,10], therefore local resistances are ignored in this
study.

The purpose of dividing the manifold into N rectangular
channels in same length and different width in the analytical
model is to analyze the relationship between pressure drop and
flow distribution by Hagen—Poiseuille Equation of rectangu-
lar channels. For laminar flow, the relation between pressure

defined below:
32uLA 32uLA
AP — MZNC _ M2 NC )
Dy Dy A

where Dy is hydraulic nominal diameter, Dy =2WE/(W +E);
A the sectional area of rectangular channel, A=WE;
Anc the non-circular coefficient [7,10], and Anc=(3/2)/
[(1 — 0.351(E/W))*(1 + E/W)?] when 0 < E/W < 1, or else, E/W
is substitute for W/E when E/W> 1. Here, the microchannel
depth E is assumed to be less than the width W.

3.2. Equivalent electrical resistance network model

In order to distinctly analyze the relation between pressure
drop AP, flow rate Q and flow resistance R, the analytical model
is simplified by an equivalent electrical resistance network
model, as depicted in Fig. 4. In this model, the microchannels,
and the rectangular channels of IDM and OCM are replaced by
electrical resistance. Pressure drop AP through the rectangu-
lar channel is represented as the potential difference through the
electrical resistance, flow rate Q and flow resistance R are equiv-
alent to current and electrical resistance, respectively. Similar to
Ohm’s law, the relationship of pressure drop AP, flow rate O
and flow resistance R is defined as follows:

AP =RQ 2)
where the flow resistance R is defined as
32uLANC
R= =50 3
DA
According to Eq. (1), R can be written in another form as
12uL
C))

R =
(1 —0.351(E/W))*WE3

The rectangular channels of IDM and OCM are numbered up
from Istto Nth, respectively. The equivalent electrical resistance
network model consists of N — 1 loops. The pressure drop of
two ends in the diagonal line of each loop via two different
flow channels are equal [10], therefore N — 1 equations can be
expressed as follows:

Rin (/) Qin(j) + Rc(j) Qc())
= Rout(j - 1)Q0ut(j - 1) + Rc(j - 1)Qc(] - 1)

drop AP and flow rate Q through rectangular channels is (j=2,3,...,N) (&)
Rin(1) Rin(2) Rin(j) Rin(N)
Qin(1) Qin(2) Qin(j) Qin(N)
Inlet —s{ ] 1 —— 1 —
Re(1) Re(2) Re(j-1) Rc(j) Ro(N-1) Rc(N)
Qe1) Qc(2) Qc(j-1) Qc() Qe(N-1) Qe(N)
- } —— 1 [ }—=Outlet
Rout(1) Rout(j-1) Rout(N-1) Rout(N)
Qout(1) Qout(j-1) Qout(N-1)  Qout(N)

Fig. 4. Equivalent electrical resistance network model.
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The relation between the flow rate in each rectangular channel
of IDM and microchannel is defined as follows:

Oin()) = Q0N+ Qun(j+1D (=12,....,N—-1 (6)
Qin(l) = Ot (N
Qin(N) = Qc(N) ®)

where QO is the total feed flow rate.
The relation between the flow rate in each rectangular channel
of OCM and microchannel is defined as follows:

Qou()) = Qc() + Qou(j =1 (=2.3,....N) ®
Qou(N) = Ot (10)

If the dimensional variations of channels were given, the
resistance of each channel R, (j), R (7), Rout(j) can be calculated
by Eq. (4). There are 3N variables in the equivalent electri-
cal resistance network, and there are 3N equations from Eqgs.
(5)—(10), therefore the flow rate in each channel can be solved
by Eqgs. (5)—(10).

3.3. Solution algorithm

Parallel microchannels are generally manufactured by micro-
fabrication technology, such as laser ablation or chemical
etching, ensuring that each microchannel has the same charac-
teristic dimensions, such as length, width and depth. Therefore
the resistance of each microchannel is equal, i.e.

Re(j) = Rc(j— 1) (11)

Although the flow rate of each microchannel can be calcu-
lated by Eqgs. (5)—(10), when all the dimensional variations of the
analytical model are given, uniform flow distribution between
microchannels is always hard to achieve, Therefore, itis assumed
that the flow rate of each microchannel is equal, and then, under
this assumption, the dimensional variations of the model can be
worked out.

Equal flow rate of each microchannel can be expressed as
follows:

1
Qc(j):Qc(j_l):NQT (j=2,3,....N) (12)
So the following equations are obtained:
j—1 .
PP _N-G-=D
Qin(j) = Qin(1) ;Qc(k) = 0Or (13)
j—1 o
Qouli =D =0y = === 01 (14)
k=1

Substituting Eqgs. (4), (12), (13) and (14) into Eq. (5), the fol-
lowing equation can be obtained:

N—j+1 _ [1—0351(E/Win(i)IWin())
j=1 1= 0351(E/ Woulj = D) Woulj — 1)
(j=23,...,N) (15)

Eq. (15) indicates the necessary relation between the width
Win(j) of jth rectangular channel of IDM and Wy (j — 1) of
(j — Dth rectangular channel of OCM if the uniform flow dis-
tribution between microchannels needs to be achieved. When
the curve equation Wiy (j) = F1[Xin(j)] of IDM is given, the curve
equation Wy (j — 1) = F2[Xou(j — 1)] of OCM can be deduced
by calculating the width of each rectangular channel of OCM
and vice versa. It should be noted that the width W; of IDM and
Wy of OCM do not appear in the Eq. (15). However, they can
be solved by fitting the curve of IDM and OCM.

4. Analysis of special case

It indicates that the dimensional variations appearing in the
Eq. (15) determine the flow distribution between microchannels.
These dimensional variations are the width of each rectangular
channel Wj,(j) and Wy (j — 1), the microchannel number N and
the microchannel depth E.

Win(j) and Wyy(j—1) depend on the curve equation
Win() =F1[Xin()] and Wou(G —1)=F[Xou(G — D], respec-
tively, as well as the horizontal ordinate Xi,(j) and Xou (G — 1).
Xin(j) and Xou(j — 1) are defined as follows:

. L
Xin(j) = Jj—

N G=1,2,...,N-1) (16)

L
Xoulf =D =0=Dg (j=2,3,....N) a7

Therefore, besides the curve equations, Wi, (j) and Wou(j — 1)
depend on the dimensional variations N and L. Then, the dimen-
sional variations influencing on the flow distribution are changed
for N, L and E.

To simplify the optimization algorithm, the width of the
space between microchannels is assumed to be equal to that
of microchannels, so the relation of L and W, is defined as:

L=0QN-1DW, (18)

Then, the dimensional variations are changed with N, W, and
E.

However, it is hard to analyze the influence of dimensional
variations on the flow distribution between microchannels by
Eq. (15), except if one of the curve equations of two manifolds
is given. In this paper, a specific curve equation of IDM is given,
the OCM geometry and dimensional variations are optimized
by a proposed optimization procedure, and the influence factor
of the optimization process will be discussed.

4.1. Establishment of coordinate systems

Two coordinate systems are established to facilitate calcula-
tions of Win(j) and Wy (j — 1), as shown in Fig. 5. The left lower
point of IDM is chosen as the origin of the coordinate system of
the equation Wi, (j) = F1[Xin(j)]. The bottommost line segment
of IDM is selected as the axis X and right as positive, while the
leftmost line segment is selected as axis W and up as positive.
The left upper point of OCM is chosen as the origin of the coor-
dinate system of the equation Woy(j — 1) = F2[Xouc(G — 1)]. The
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Fig. 5. The geometry of coordinate systems.

upmost line segment of OCM is selected as axis X and right as
positive, while the leftmost line segment is selected as axis W
and down as positive.

4.2. Optimization criterion

When the curve equation of IDM is given, a large number of
OCM geometries are generated by Eq. (15) for different values
of N, W, and E. Therefore, it is necessary to establish effective
criterion to get the optimal design.

When the curve equation of IDM is given, the curve may
become non-monotonic with increasing number of microchan-
nel number N (larger X value). Non-monotonic curve geometry
results in dead volume [8], which is harmful for the flow of fluid,
as shown in Fig. 6. Therefore, assuring that the curves of IDM
and OCM are monotonic becomes the foremost optimization
criterion.

dead volume

Inlet

Fig. 6. Dead volume appears in the non-monotonic manifold curve.

Here, Win(j)=F1[Xin(j)] is assumed to be a monotonic
increasing function and Wyu (G — 1) =F>[Xou(j — 1)] to be a
monotonic decreasing function. In order to obtain monotonic
curve, two requested optimization criterions are defined below:

Win(j) > Win(j + 1) 19)
Wour()) < Wou(j + 1) (20)

Besides the restriction of monotony of manifold geometries,
the area ratio of two manifolds needs to be restricted to avoid
that one manifold is too large and the other is too small. The
areas of IDM and OCM can be calculated by the sum of the
rectangular channels, which are defined as follows:

N-—1
Sin=>_ Xin(j) x Win()j) 1)
j=1
N
Sout = Zxout(j) x Wout()) (22)
Jj=2

The arearatio S of IDM to OCM which provides a comparison
between the areas of two manifolds, is defined by the equation:
Sin
Sout

S =

- 1‘ (23)

The objective of the second optimization criterion is to min-
imize the value of S.

4.3. Optimization procedure

It requires nevertheless lengthy time to reach the optimal
design by manual calculation with the given curve equation
Win = F1(Xin) of IDM. Therefore, an optimization procedure is
proposed for efficient design. Fig. 7 shows the flowchart of the
optimization procedure. In this developed method, the curve
equation of IDM is given in advance, and then the microchan-
nel width W, (or depth E) is manually adjusted, while other
dimensional variations are automatically optimized based on
the optimization criterions until the optimal design is achieved.
Two control parameters K and min S are defined for obtaining
the minimal value of S.

5. Results and discussion

The given curve equation of IDM is defined below:

L1 . .

Win(j) = g[Xin(]) —8°+1 (j=12....N-1) (4

The width W, and depth E of microchannel are independently
manually adjusted to study their influences on the geometries of
IDM and OCM, as well as other dimensional variations.
5.1. Influence of the microchannel width W,

For the given curve equation of IDM, the microchannel width

W, is manually adjusted, while the microchannel depth E and
microchannel number N are automatically optimized. Fig. 8
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Fig. 7. The flowchart of the optimization procedure.

shows results for seven different W, from 200 to 500 pm. The suitable for practice. From the optimal results, E becomes larger
optimal OCM geometry is comparatively smooth when W is with larger W, and at the same time the microchannel number
between 300 and 500 pm. The geometry becomes smoother with N becomes comparatively larger.

larger W,, which favors fluid flow. However, small W, produces Resultin Fig. 9 demonstrates how the microchannel width W,
steep geometry and small microchannel number N, which isn’t affects the IDM geometry. The trends are similar in all cases:
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Fig. 9. The influence of W, on the IDM geometry.

the IDM geometries are smoothly reduced. According to Egs.
(16) and (22), L changes with the varied W, resulting in the
change of Xj,(j), therefore small variety of W, lead to small
variety of Xi,(j), the IDM geometry changes slightly. However,
too small W, leads to small microchannel number N, and the
IDM geometry becomes too narrow for application.

Fig. 10 demonstrates the relation between the microchannel
width W, and the area ratio S of two manifolds. Result shows
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Fig. 10. Relation between W, and S.
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Fig. 11. The influence of E on the OCM geometry.
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that S increases with the increasing W,.. The maximum value of
S'is 0.735, when W, is 500 pwm.

5.2. Influence of the microchannel depth E

In order to study the influence of the microchannel depth E
on the OCM geometry and other dimensional variations, E is
manually adjusted while W, and N are automatically optimized.
Fig. 11 visualizes the influences of E with five different values.
Result shows that all the OCM geometries are almost consistent
with each other. W, and the OCM geometry change little with the
changed E. According to Eq. (22), IDM geometry has nothing
to do with E, therefore there is no influence of E on the IDM
geometry.

Fig. 12 shows the relation between the microchannel depth
E and the area ratio S of two manifolds. It shows that the area
ratio of two manifolds becomes bigger with the larger E.

6. Conclusions

The problems of flow distribution between microchannels in
the microreactors are studied. The influence of complex mani-
fold geometries on the flow distribution between microchannels
is analyzed by a proposed analytical model and an equivalent
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electrical resistance network model. An optimization procedure
is developed to optimize the manifold geometries and dimen-
sional variations to obtain comparatively ideal flow distribution
between microchannels.

A specific case is illustrated by applying the proposed opti-
mization procedure to analyze the optimal rules for a given IDM
geometry. Result shows that the division of the manifold into N
rectangular channels is a valid method, and the microchannel
width W, dominates the optimization of OCM geometry and
dimensional variations.
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