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A design methodology is proposed to maintain gas and liquid flow nonuniformities below an acceptable limit in a paral-
lel micro/millichannels reactor by determining the maximum allowed temperature deviation in each part of the reactor.
The effect of temperature deviation on flow distribution was quantified using a hydraulic resistive network model. The
effect of flow rate on temperature deviation was demonstrated using a one-dimensional energy balance model. Experi-
ments were conducted using the barrier-based micro/millichannels reactor (BMMR). Flow distribution in the BMMR is
based on placing hydraulic resistances (barrier channels) in the gas and liquid manifolds to regulate the flows. Temper-
ature deviation in the barrier channels affects flow nonuniformity by 10 times more than in the reaction channels. Above
a certain critical liquid residence time, flow rate has no significant effect on the temperature deviation which depends
on the liquid used, reactor material of construction, and its geometrical dimensions. VC 2014 American Institute of

Chemical Engineers AIChE J, 60: 1941–1952, 2014
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Introduction

Microstructured reactors are viable reactors for highly
exothermic and mass-transfer limited reactions. This makes
them attractive devices to improve safety, reduce waste, and
enhance product selectivity, as well as conversion.1–5 For a
single microchannel reactor, the flow rate is often in the
range of mL/min which is suited for a g/h production rate.
Scale-up is required to reach kg/h and ton/h production rates.
Scale-up route in microchannel reactors can be achieved in
three consecutive steps.6 First, the microchannel cross-
sectional dimensions are scaled-up while maintaining the
mass- and heat-transfer properties of the single microchan-
nel.7,8 Second, numbering-up is achieved by placing multiple
channels in parallel in one modular unit. The third step is
made by placing multiple modular units in parallel.

For heterogeneously catalyzed gas-phase reactions in
microreactors, scale-up and numbering up to thousands of
parallel channels was successfully demonstrated.9,10 Also, for
liquid-phase reactions, scale-up was successfully demon-
strated, but only for a limited number of parallel channels
due to the complexity of flow distribution.11–13 For gas-
liquid processing and using the concept of numbering-up, the

throughput is still mostly restricted at the laboratory scale at
g/h due to the complexity and expenditure needed for an
adequate numbering-up with a uniform flow distribution.14–18

It is difficult to achieve exact uniform flow distribution in
numbered-up microchannel reactors. Usually an acceptable tar-
get for flow nonuniformity is defined according to the process
and the required quality of the product. The design principle
for most flow distributors relies on controlling the hydraulic
flow resistances in the device. This is described by the pressure
drop in each of the parallel channels. In microfluidic devices,
the resistive network RN model is often used to predict the
influence of these resistances.19,20 The RN model is, however,
only valid for very low Reynolds number in the laminar flow
range, which is the case for most of the microfluidic devices.
The pressure drop in a microchannel is the product of the
hydraulic resistance (R) and the flow rate (q) as given in Eq. 1

DP5Rq (1)

For single-phase flow, the Hagen–Poiseuille equation can
be used to estimate the pressure drop for a given flow rate q.20

In that case, the hydraulic resistance R is as given in Eq. 2

R5
32lLkNC

d2A
(2)

where m is the viscosity, L is the channel length, kNC is the
noncircularity factor that depends on the channel geometry, A
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is the channel cross section area, and d is the hydraulic diame-
ter.19 The hydraulic resistance is a function of the channel
hydraulic diameter to the power four. Therefore, channel
diameter has a significant influence on flow distribution. The
second parameter which influences the hydraulic resistance is
the viscosity which changes with the fluid composition and
temperature. A few studies have been made to investigate the
effect of flow and temperature distribution in microreac-
tors.8,21,22 This is because many phenomena play a role in
such a study: flow hydrodynamics, heat exchanger design, and
reaction kinetics. Quantifying the interplay between these
phenomena requires advanced analytical techniques such as
computational fluid dynamics (CFD). Additionally, modeling
of multiphase flow in parallel microchannels increases the
complexity of the CFD modeling dramatically. Having an
alternative and a more simple technique to study the effect of
flow and temperature distribution is, therefore, a valuable
asset for microreactor designs specially for microreactor
applications which involve multiphase flow.

The barrier-based micro/millichannels reactor (BMMR) is a
structured multiphase microreactor which reaches large scale
production via numbering-up.23–25 Uniform flow distribution
is achieved in the BMMR by placing hydraulic resistances, so
called barrier channels (B), between the parallel microchan-
nels (C) and the separate gas and liquid feeding manifolds (M)
as shown in Figure 1. This approach has the following advan-
tages: (1) gas-liquid channeling is prevented, (2) all flow
regimes, viz. Taylor, churn, and annular can be successfully
realized, and (3) the flow uniformity is substantially improved.

The hydraulic resistances of the barrier channels can be
quantified in a generic way as D ~PB as given in Eq. 3. It is
the average pressure drop over the barrier channels, DPB ,
divided by the average pressure drop over the corresponding
mixers and microchannels, DPC . Since D ~PB is a ratio of
pressure drops, it is dimensionless

D ~PB5
DPB

DPC

(3)

Early studies in the field have demonstrated this type of
distributor in microchannel reactors.23,24 Their designs were
successfully run with barrier channels dimensions giving
D ~PB larger than 25 and 50 for liquid and gas, respectively.
In Al-Rawashdeh et al.,26 we have demonstrated that D ~PB

can be designed in the range of 4–25 by following a specific

design methodology. Cut-off values of the maximum accept-
able fabrication tolerance in the barrier channels, mixers and
reaction channels diameters were determined using the pro-
posed design methodology.

The aim of this article is to study the effect of temperature
and flow distribution for gas-liquid Taylor flow in the BMMR.
A simpler approach is proposed compared to that of a CFD.
First, a predefined temperature deviation in the parallel micro-
channels is applied. Then, the RN model is used to estimate the
influence of temperature on the flow distribution. Second, one-
dimensional energy balance model is used to study the influ-
ence of flow on the temperature deviation. The models are vali-
dated experimentally using the BMMR. Using these results, a
design methodology is proposed to determine the maximum
allowed temperature deviation in the parallel microchannels to
keep flow nonuniformity below an acceptable limit.

Modeling and Methodology

Temperature nonuniformity

In microchannels reactor, there are several possible temper-
ature nonuniformities. For sake of simplification, temperature
nonuniformities are represented by three temperature devia-
tion factors as will be explained next. These factors will be
used to study the effect of temperature on flow distribution.

The BMMR is divided into three parts: manifold M, bar-
rier channels B, and mixer and reaction channels C repre-
sented by three colors as shown in Figure 2a. One average
temperature Tavg is used in each part and per parallel micro-
channel as shown in Figure 2b. As a result, a number of N
different average temperatures is obtained for each of the
BMMR parts. Quantifying the difference between these aver-
age temperatures gives the three temperature deviation fac-
tors as rðTMÞ, rðTBÞ, and rðTCÞ for manifold, barrier, and
reaction channels, respectively. r(T) is obtained according to
Eq. 4, where Tavg,i is the average temperature for microchan-
nel number i for any of the BMMR parts: M, B, or C; �T avg

is the average temperature for any of the parts, M, B, or C,
over the entire number of parallel microchannels N.

rðTÞ5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RiðTavg ;i2 �T avg Þ2

N21

s
(4)

Figure 1. (a) A schematic view of the BMMR with four parallel microchannels; symbols used are G gas, L liquid,
M manifold, B barrier channel, C gas-liquid microchannel; (b) picture of the BMMR which consists of
eight parallel microchannels; (c) an enlarged view of the glass picture which has the gas and liquid bar-
rier channels and the T mixer; (d) a picture of Taylor flow in the eight parallel microchannels.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1942 DOI 10.1002/aic Published on behalf of the AIChE May 2014 Vol. 60, No. 5 AIChE Journal

http://wileyonlinelibrary.com


Resistive network model

The RN model was extended to account for multiphase
flow which was called the 2-phase resistive network (2-PRN)
model.26 The 2-PRN model was developed for gas-liquid
Taylor flow and was experimentally verified. For a given
temperature deviation, the 2-PRN model can be used to eval-
uate the effect of temperature on flow distribution. However,
the 2-PRN model has some limitations. First, it is valid only
at low Reynolds number. Second, the 2-PRN model cannot
evaluate the effect of flow on temperature deviation. Third,
only one value for the temperature can be used for each
hydraulic resistance independent of the axial length and
cross-sectional temperature profiles. Due to these limitations,
an energy balance was developed to study the effect of flow
rate on temperature deviation in the BMMR.

Energy balance model

The effect of flow rate on the temperature deviation was
accounted for by using a one-dimensional energy balance
model as shown in Figure 3. The energy balance was applied
for a single microchannel C through which gas-liquid Taylor
flow was passing without any reaction. A uniform heat sup-
ply Qsupply was applied to the single microchannel C while
no heat was supplied to the other parts of the BMMR. Heat
exchange between the gas-liquid microchannel C and the
other parts of the BMMR was taken into account via heat
conduction as will be explained later. By changing the flow
rate, temperature profiles were generated which allowed
studying the effect of flow rate on temperature deviation.

Few assumptions were made to construct the energy bal-
ance model: constant physical properties; plug flow for both
gas and liquid, negligible axial dispersion; no reaction in the
gas-liquid Taylor flow; heat supply to the reaction channel is
applied only at a fixed reference temperature along the axial
direction; fixed heat loss to the surroundings and heat con-
duction to the other BMMR parts.

The first energy balance was made for the gas-liquid phase
in the microchannel and it consisted of three terms as shown
in Figure 3 and in Eq. 5. The three energy terms used to
generate the temperature profile in the microchannel were
the convective inlet and outlet heat transport (Qin and Qout)
and heat exchange at the channel wall (Qexch). Usually the
heat taken by the gas phase was less than 1% compared to
that taken by the liquid phase. Therefore, energy balance
over the gas phase was neglected. However, the influence of
the gas flow rate was still included when computing the gas-
liquid heat-transfer coefficient

Qout 2Qin 5Qexch (5)

mcp

dT

dx
5hwc AcðTw2TÞ (6)

The energy balance was made for the liquid phase in the
microchannel as shown in Eq. 6, where m is the mass flow
rate, Cp is the heat capacity of the liquid, hwc is the overall
gas-liquid-solid heat-transfer coefficient (W m22 K21), and
Ai is the heat exchanger surface area (m2). The overall gas-
liquid-solid heat-transfer coefficient was estimated using the
heat resistance in series model as shown in Eq. 7. It con-
sisted of the heat-transfer resistance in the channel walls
(dw

kw
) and the heat-transfer resistance in the gas-liquid flow

( 1
hGL

)

1

hwc
5

1

hGL

1
dw

kw
(7)

To calculate the heat-transfer coefficient hGL, the entrance
effects were neglected and a correlation for the Nusselt num-
ber for gas-liquid Taylor flow was taken from literature27 as
shown in Eqs. 8 and 9

Figure 2. (a): Schematic cross-sectional view of a sin-
gle channel BMMR showing the manifolds M,
barrier channels B, mixer and reaction chan-
nel C, gas G and liquid L; (b) schematic top
cross view of BMMR for four parallel micro-
channels. Average temperature for M, B, and
C are shown in three different colors for
microchannel number one.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. (a) Axial temperature profiles for gas-liquid
Taylor flow, microchannel wall, and for the
water heating bath; (b) a drawing of the
terms in the energy balance for the gas-
liquid microchannel (G-L) and the microchan-
nel wall which are given in Eq. 5 and in Eq.
10, respectively.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Nu5
Ls

Ls1LB

4:3641
a1

L�s 1a2L
�1=3
s

 !
(8)

L�s 5
Ls

ReGL Prd
(9)

where a1 5 0.29, a2 5 0.15, and Nu5 hGLd
k is the Nusselt num-

ber for gas-liquid Taylor flow, d is the channel diameter (m),
k is the thermal conductivity of liquid (W/m.K), Ls and Lb

are the slug and bubble lengths (m), ReGL is gas-liquid
Reynolds number ReGL 5 dquGL

l and Pr is the Prandtl number
Pr5

Cpl
k .

Note that Eq. 6 assuming a negligible temperature profile
in the cross-sectional plane of the microchannel wall. This
assumption is only correct if the Biot number Bi is much
lower than 1. Here the Bi is between 0.2 and 0.4. The
assumption therefore results in a small error. However, the
resulted error will have a negligible influence on the out-
come of this study because: (1) a steady-state situation is
maintained in this study with a uniform heat supply along
the axial length; (2) the error is in all of the parallel micro-
channels; (3) the aim of the study is the relative difference
in the temperatures in the parallel channels rather than the
absolute temperatures. Therefore and for sake of simplicity,
a lumped treatment for the energy balance is maintained.

The second energy balance was made over the microchan-
nel wall. The energy balance consisted of four terms as
shown in Figure 3 and in Eq. 10: heat transfer from the hot
fluid to the channel wall, Qsupply, heat transfer from the
channel wall to the gas-liquid Taylor flow, Qexch, heat loss
by conduction to the adjacent devices (manifolds and barrier
channels), Qconduction, and heat loss by convection to the sur-
roundings, Qloss. Axial heat dispersion was neglected because
uniform heat supply at a fixed temperature was maintained.
The energy balance over the microchannel wall was written
as given in Eq. 11. Explanations about the used heat-transfer
coefficients are given next

Qsupply 2Qexch 2Qconduction 2Qloss 50 (10)

hmcAsupp ðTh2TwÞ2hwcAcðTw2TÞ2hcond Acond ðTw2Tjoint Þ
2hloss Aloss ðTw2Tsurr Þ50

(11)

hmc is the heat-transfer coefficient for the heat transfer
from the heating source to the microchannel wall. hmc

depends on the type of the heat exchanger. In the experi-
mental setup, heat was supplied by putting the gas-liquid
microchannel in a water heating bath. Thus, hmc was
assumed as heat-transfer coefficient on a free surface, a
value of 500 W/m2.K was used.28 hcond is the heat-transfer
coefficient for the heat transfer between the gas-liquid
microchannel and the BMMR assembly (inlet tubes, mani-
folds, barrier channels, and collectors) which depends on
the conductivity of the channel walls and characteristic
transfer length. hcond was estimated by dividing the conduc-
tivity of the microchannel wall material by the length of
gas-liquid microchannel. hloss is the heat-transfer coefficient
for external heat losses which depends on the external sur-
face of the device without insulation. A value equals to 5
W=m2 K was assumed.

Equation 7 was solved simultaneously with Eq. 11 to gen-
erate axial temperature profiles for the liquid and the micro-
channel wall depending on the used flow rates. The channel

dimensions, geometry, material of construction, and flow
rates are given in the experimental section.

Design methodology

A design methodology was developed for estimating the
maximum allowed variation in the channel diameter and
required barrier channel dimensions to stay below a target
flow nonuniformity.26 The same design methodology was
used here to quantify the effect of temperature on flow distri-
bution. The working principle of the methodology is to
decouple the effect of temperature deviation of each part of
the BMMR, manifolds M, barrier channels B, and mixers
and reaction channels C, alone and then combine their con-
tribution to cumulative flow nonuniformity. Full details
about the methodology is given in Al-Rawashdeh et al.26

A temperature deviation, quantified by Eq. 4, was applied to
one particular part of the BMMR, M, B, or C, while the tempera-
ture of the other parts maintained at a constant and fixed temper-
ature. Hydraulic resistances were calculated and the 2-PRN
model was used to compute the flow distribution. Next, the flow
rate qi,after of each microchannel was normalized according to
Eq. 12 by its respective flow rate qi,before before applying the
temperature deviation. By using Eq. 13, the flow nonuniformity
factor of that particular BMMR part was then calculated; where
�~q is the average flow rate of the normalized flow rate and N is
the number of channels. The cumulative contribution of the three
flow nonuniformity factors gave the overall gas or liquid flow
nonuniformity as shown in Eq. 14. rð~qÞ is the target gas or liquid
flow nonuniformity quantified according to Eq. 13. The three
flow nonuniformity factors are: (1) rð~qT;MÞ for the effect of tem-
perature deviation in the manifold part, r(TM), (2) rð~qT;BÞ for
the effect of temperature deviation in the barrier channels part,
r(TB), and (3) rð~qCÞ for the effect of temperature deviation in
the mixer and reaction channels part, r (TC)

~qi5
qi;after

qi;before

(12)

rð~qÞ5 1
�~q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rið~qi2

�~qÞ2

N21

s
100% (13)

rð~qÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2ð~qT;MÞ1r2ð~qT;BÞ1r2ð~qT;CÞ

q
(14)

Experimental Section

The experiments were conducted using in the BMMR
shown in Figure1. The reaction channels are square fabri-
cated in a stainless steel plate. Key dimensions of the
BMMR are given in Table 1. Design and fabrication details
of the BMMR can be found in Al-Rawashdeh et al.6

Table 1. Dimensions for the Barrier-Based Micro/Milli

Reactor BMMR

W, (mm) H, (mm) L, (mm)

Inlet gas manifold 41* 5 155
Inlet liquid manifold 41* 5 155
Gas barrier channel 0.4 0.1 340
Liquid barrier channel 1.0 0.1 37
Inlet gas T-mixer 1.3 1.3 13
Inlet liquid mixer 1.3 1.3 10
Reaction channel 1.23 1.23 2000

*The width is decreasing by an 8 degree angle. The thickness of the micro-
channel wall is 2 mm.
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The experiments were performed using water and nitrogen
at different flow rates. The liquid flow rate was changed in
the range of 10–115 mL/min and the gas flow rate from 10
to 230 mLn/min. A process flow diagram of the experimen-
tal setup is shown in Figure 4. Liquid was pumped using a
gear pump (NHK Mikrosysteme GmbH, MZR-7205) via a
liquid mass flow controller (Bronkhorst). Nitrogen was fed
from a gas bottle in a controller manner by using a mass
flow controller (Bronkhorst). The pressure was measured at
the manifold using a pressure sensor (range 0–25 bar,
Endress1Hauser, PMP131) and temperature was measured
using a thermocouple type pt100.

Heat was supplied by placing the reaction channels in a
water heating bath as shown in Figure 4. The other parts of
the reactor assembly were outside the water heating bath.
The vapors from the water heating bath obscured the vision.
Thus, it was not possible to measure slug and bubble lengths
and bubble generation frequency. Instead, the flow distribu-
tion in the liquid phase was measured using the weight
method. The tubes between the reactor and the collector (l)
were disconnected. The liquid from each channel flowed into
a separate vessel. The collected liquid volume in each vessel
was weighed after reaching the steady-state condition. Flow
nonuniformity was calculated using Eq. 13. The flow distri-
bution was determined at two water bath temperatures, 20�C
and at 70�C. Measuring flow distribution at higher tempera-
tures was not possible due to the high vapor pressure
because water had to be collected in an open vessel. Over

the entire tested flow range, temperature nonuniformity at
the outlet of the eight microchannels was measured.

Results

Effect of temperature on the pressure drop ratio, D ~PB

Any changes to the viscosity will affect the pressure drop
which is the key parameter to flow distribution. Viscosity
changes as a function of temperature in a different way
depending on the fluid used. For demonstration, the effect of
temperature on nitrogen and water viscosities is shown in
Figure 5a.29,30 Increasing the temperature decreases the
water viscosity and increases the nitrogen viscosity. If this
increase in temperature is implemented in a barrier-based
flow distributor, the pressure drop ratio D ~PB at the gas side
will become larger compared to the liquid side. If the differ-
ence between D ~PB of the gas and liquid sides is too large,
gas-liquid channeling is expected.25 Therefore, when design-
ing a barrier-based flow distributor the range of operating
temperature in the barrier channels should be specified.

Effect of temperature on flow distribution

The Manifold Flow Nonuniformity Factor, rð~qT;MÞ.
Temperature deviation in the manifold has a negligible effect
on flow distribution. The manifolds hydraulic resistances,
RM,i, are the smallest if compared to other hydraulic resistan-
ces in the BMMR. The manifolds hydraulic resistances, RM,i,
were made the smallest by increasing the manifolds cross-

Figure 4. Process flow diagram of the experimental setup and the locations of the temperature and pressure
sensors.

Symbol used: (a) liquid tank, (b) gas bottle, (c) gear pump, (d) mass flow controller, (e) BT glass chip, (f) temperature sensors at inlet,

(g) manifold, (h) reaction channel plate, (i) inspection window, (j) temperature sensors at outlet, (k) connection block, and (l) collector

block. The thick line represents the level in which the reactor was immersed in the water bath. Bottom: A picture of the BMMR on

top of the water bath. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sectional dimensions to an acceptable limit using the 2-PRN
model. This is made on purpose to reduce the influence of
manifold on the flow distribution. The effect of temperature
deviation in the manifold part only on flow distribution is,
therefore, neglected.

The Barrier Flow Nonuniformity Factor, rð~qT;BÞ. The
effect of temperature deviation in the barrier channels on
flow distribution is shown in Figure 6. Different barrier
channel dimensions were used in this study by reducing the
barrier channel depth. Temperature deviation in the barrier
channels has a significant influence on flow distribution. The
influence is linear with a slope larger than one. For example,
for a temperature deviation r(TB) of 4�C, flow nonuniformity
reaches 16%. As temperature deviation increases, the flow
distribution slightly depends on the used pressure drop ratio
D ~PB.

When the study in Figure 6 is repeated but at higher aver-
age temperature of 50 and 85�C, the temperature deviation
in the barrier channels has a milder influence on flow distri-
bution as shown in Figure 7. This is due to the nonlinear
relation between liquid viscosity and temperature as shown
in Figure 5. The relation between temperature deviation in
the barrier channel and flow distribution can be represented
in Eq. 15, where f1ðTdesigned ;lLÞ is a constant that depends
on the designed temperature and liquid viscosity

rð~qT;BÞ5f1ðTdesigned ; lLÞrðTBÞ (15)

The Mixer and Reaction Channel Flow Nonuniformity
Factor, rð~qCÞ. The effect of temperature deviation in the
mixer and reaction channels is shown in Figure 8. As

Figure 5. Theoretical effect of temperature on nitrogen
and water viscosities.29,30

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Effect of temperature deviation in the barrier
channels on flow distribution.

Study is made at different hydraulic resistance in bar-

rier channels D ~PB and at an average temperature of

20oC. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. Effect of temperature deviation in the barrier
channels on flow distribution.

Study is conducted at different average temperature of

20�C, 50�C, and 85�C all with a fixed D ~PB of 10. [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 8. Effect of temperature deviation in the mixer
and reaction channels on flow distribution.

Study is made at different hydraulic resistance in the

barrier channels. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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temperature deviation increases, flow nonuniformity
increases depending on the pressure drop ratio, D ~PB. The
effect of temperature deviation on flow nonuniformity
reduces at larger D ~PB. Temperature deviation effect on flow
distribution depends slightly on the operating temperature as
shown when changing the average temperature from 20 to
50�C. For the entire tested range of temperature deviation,
the flow nonuniformity remains less than 10%. If this com-
pared to the barrier channels part at similar temperature
deviations, the barrier channels affect flow distribution by 10
times more than in the mixer and reaction channels.

rð~qCÞ5
rðDPCÞ
D ~PB

(16)

In a previous study, Eq. 16 was found to describe accu-
rately the variational effects due to channel diameter in the
mixer and reaction channels on flow distribution.26 Here, Eq.
16 was also found to describe accurately the effect of tem-
perature deviation in the mixer and reaction channels on
flow distribution. This equation was derived based on analy-
sis made using the 2-PRN model. It is a generic equation
because it is given in term of pressure drops, the key param-
eter in flow distribution. All possible variations which affect
pressure drop in the mixer and reaction channels are
included in this equation such as: diameter, temperature, slug
and bubble lengths, and flow rates.

Physical interpretation for the effect of temperature
deviations on flow nonuniformity

In the last three subsections, the outcome from the
2-PRN model analysis was presented. Here, a physical
interpretation on the found results is given. A dimension-
less analysis for two channels in parallel is derived using
the single-phase hydraulic resistance network model. Using
Eq. 1 and assuming that the overall pressure drop is con-
stant, the flow rate q depends just on the overall equivalent
hydraulic resistance Req, shown as q5 DP

Req
. The flow rate q

depends linearly on 1
Req

. The equivalent resistance Req for
two channels in parallel are derived, as shown in Eq. 17

1

Req

5
ðRB1RCÞ11ððRB1RCÞ21ðRMÞ2Þ
ðRB1RCÞ1ððRB1RCÞ21ðRMÞ2Þ

(17)

The hydraulic resistance in the manifold RM is much
smaller compared to that in the barrier channels and mixer
and reaction channels. Thus, it can be safely neglected as
was done in the previous section. When the hydraulic resist-
ance in the barrier channels RB is much larger than RC, then
the equivalent resistance will be equal to 1

Req
5 2

RB
. Thus, the

flow nonuniformity will be controlled mainly by the hydrau-
lic resistance in the barrier channels RB. Note that the num-
ber two here refers to the number of parallel channels. As
single-phase flow passes through the barrier channels, RB

can be described as given in Eq. 2, which has an inverse
relation with viscosity. Therefore, the flow rate q depends
linearly with viscosity as 2 m, which is a function of the fluid
compositions and the temperature. Temperature deviations in
the parallel channels result in varied viscosities which con-
secutively result in a nonuniform flow distribution. As the
barrier channels are the most important factor that affect the
flow distribution in the barrier-based flow distributor, that is
why temperature deviation in the barrier channel is the most
significant. In this case, it is 10 times more significant than
the temperature deviation in the mixer and reaction channels.

However, this quantified value will vary depending on the
relation between viscosity and temperature. If another fluid
is used which has a different relation between viscosity and
temperature, then the relation between temperature deviation
and flow nonuniformity will also change.

Numerical validation of the design methodology: Effect
of all combined contributions on flow distribution

In this section, the combined contribution from all flow
nonuniformity factors will be demonstrated. The gas or liquid
flow nonuniformity can be obtained as a cumulative contribu-
tion of all flow nonuniformity factors as given in Eq. 18. In
this study, the effect of temperature deviation in the barrier
via rð~qT;BÞ and in the mixer and reaction channels via rð~qT;CÞ
will be accounted for, while the effect of temperature devia-
tion in the manifold rð~qT;MÞ will be neglected. In addition to
these two factors, three other flow nonuniformity factors are
included in Eq. 18. These are the flow nonuniformity factors
due to variations in channel diameters which always exist in
the BMMR as demonstrated in Al-Rawashdeh et al.6 These
three flow nonuniformity factors are: (1) The flow nonuni-
formity factor due to the manifold type and dimensions,
rð~qMÞ; (2) The flow nonuniformity factor due to the variation
in the diameter of the barrier channels, rð~qBÞ; and (3) the
flow nonuniformity factor due to the variation in the internal
diameter of the mixer and the reaction channels, rð~qCÞ

rð~qÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2ð~qMÞ1r2ð~qBÞ1r2ð~qCÞ1r2ð~qT;BÞ1r2ð~qT;CÞ

q
(18)

The target from Eq. 18 is that the cumulative contribution
of all flow nonuniformity factors should give an overall flow
nonuniformity below an acceptable limit. For demonstration,
a maximum acceptable overall flow nonuniformity of 10%
was used here. To achieve this target, first a weight was
given to each flow nonuniformity factor in Eq. 18 to assure
that the target overall flow nonuniformity remained below
10%. Then, the assigned weight to each flow nonuniformity
factor was used as a target from which the maximum
allowed variation in diameter and temperature was calcu-
lated. For any of the individual flow nonuniformity factors,
there was no exact weight which can be assigned. Therefore,
there were different design options which can be generated.
For example, Table 3 shows three different design options
generated to give cut-off values of the maximum allowed
variation in diameters and temperatures of the BMMR to
maintain flow nonuniformity below 10%. These three design
options were given here for demonstration while other design
options were possible to generate. Such a variety of the
design options gives the designer and the fabrication com-
pany extra room and flexibility to find the most realistic and
optimal design dimensions.

Analytical validation for one of the design options is given
next using the 2-PRN model. For demonstration, option 1 in
Table 3 was inserted in the 2-PRN model. The model was
then used to compute the overall flow nonuniformity which
compared to the target value of 10%. The variations in

Table 2. Values used for Heat Transfer Experiments

q, kg/m3 l, Pa.s cp, J/kg.K k, W/m.K kw, W/m.K

1000 0.001 4181.3 0.57 16

Density q, Viscosity l, Heat capacity cp, water thermal conductivity k, steel
thermal conductivity kw.
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diameter and deviations in temperature are shown in Figures
9c and 9d, respectively. The lines represent average values
of these variations. The simulation was run and repeated
10,000 times. In each iteration, random values for diameter
and temperature were chosen as explained in Al-Rawashdeh
et al.,26 with a maximum variation less than the cut-off val-
ues specified in Table 3. For both gas and liquid, more than

95% of the iterations gave an over all flow nonuniformity
less than 10% as shown in Figure 9a. The remaining 5% of
the iterations slightly deviated from the target but the maxi-
mum obtained overall flow nonuniformity did not exceed
15%. The average pressure drop ratio D ~PB of both gas and
liquid remained around a value of 6 as is shown in Figure
9b.

Effect of flow on temperature deviation

The one-dimensional energy balance was used to study
the effect of flow on temperature deviation. A good way to
plot the obtained results is shown in Figure 10. The ratio of
temperature deviation to flow nonuniformity

rðTÞ
rðqÞ varies as a

function of the liquid residence time. This ratio is described
in Eq. 19 where sL is the liquid residence time and f2 and f3
are constants which depend on the liquid used, the material
of construction of the BMMR and its geometrical
dimensions

Figure 9. Effect of 10,000 random variations in channel diameter and temperature on (a) gas and liquid flow nonun-
iformity, (b) pressure drop ratio in barrier channels, (c) variations in diameter in different part of the reac-
tor, and (d) deviations in temperature in barrier and reaction channels.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. Cut-off Values of the Maximum Allowed Variation

in Diameters and Temperatures in the BMMR to Maintain

Flow Non-uniformity Below 10%

Variable* Option 1 Option 2 Option 3

rðdBÞ (%) 2 1 2.3
rðdMixerÞ (%) 10 15 5
rðdCÞ (%) 15 25 10
rðTBÞ (�C) 1 0.5 1.5
rðTCÞ (�C) 5 12 8

*Manifold flow non-uniformity factor was assumed less than 1%. Average
temperature is 20 oC.
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rðTÞ
rðqÞ5f2 exp ð2f3 sLÞ (19)

Above a certain liquid residence time,
rðTÞ
rðqÞ decreases

approaching almost zero. Beyond that critical liquid resi-
dence time, there is no significant effect of flow on tempera-
ture deviation as shown in Figure 10. Meaning that all
channels will have similar outlet temperature regardless of
the flow distribution. This is because of the large heat
exchange area. When the heat conductivity of the wall mate-

rial changes from 16 W/m.K for steel to 0.93 W/m.K for
glass, the critical liquid residence time increases by two
times. Reducing hmc by half increases the critical residence
time by 1.5 times. Moreover, when the microchannel diame-
ter is reduced by half, the critical residence time decreases
by more than 3 times.

For a specific target flow nonuniformity, 10% was used
here as an example, Figure 10 can be replotted as shown in
Figure 11. For the entire tested flow distribution, temperature
deviation r(T) remained less than 2�C. The flow rate effect
on temperature deviation was not that significant. However,
one should keep in mind that this study was made with uni-
form heat supply and without any reaction involved. Testing
the effect of these factors on the temperature and flow distri-
butions is an essential study to be explored in the future.

Experimental studies: Effect of temperature and flow
distributions

The effect of liquid flow rate on temperature deviation is
shown in Figure 12. The gas flow rate has no effect on the
obtained result. The investigations were made at steady-state
situation. Liquid temperatures were measured at four differ-
ent locations as given in Figure 12, inlet to the manifold, Tin-

let, inlet to the gas-liquid microchannels, Tin, outlet of the
gas-liquid microchannels, Tout, and water heating bath, Tbath.
It is good to remind here that only the gas-liquid microchan-
nels were in contact with the water heating bath while the
other BMMR parts (inlets, manifolds, barrier channels, and
collector) were outside the water heating bath.

The temperature of the liquid inlet to the microchannels
Tin is much larger than Tinlet. It reaches more than 60�C for
some flow rates. The increase of Tin even before it enters the
microchannels is due to the heat conduction. That is why Tin

decreases as the flow rate increases. For the entire tested liq-
uid flow rates, the temperature at the outlet of the gas-liquid

Figure 10. Effect of liquid residence time on ratio of
temperature deviation to flow nonuniform-
ity.

Study is made based on the one-dimensional energy

balance. * Reference case for steel plate given in Table

2. km equals to 0.93 W/m.K refers to glass; 0.5 dC is

when channel diameter reduced by half; 0.5 hmc is

when the heat-transfer coefficient from water bath to

microchannels wall reduced by half. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Effect of a 10% flow nonuniformity on tem-
perature deviation at varied liquid residence
time for the case shown in Figure 1010.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Steady-state temperature deviation at differ-
ent flow rates.

Four liquid temperatures are measured: water bath

Tbath, outlet from the gas-liquid microchannels Tout,

inlet to the gas-liquid microchannels Tin, and inlet to

the manifold Tinlet. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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microchannels Tout always reached the water bath tempera-
ture. The difference of Tout over the eight parallel micro-
channels remained always less than 1�C. This is due to the
very large heat-transfer area of the BMMR. Thus, the liquid
residence time in the BMMR was always larger than the crit-
ical liquid residence time.

The effect of temperature on flow distribution is shown in
Figure 13a. The liquid flow nonuniformity remained less
than 10% for the entire range of tested flow rates. Changing
gas to liquid flow ratio at a constant liquid flow rate had no
significant effect on flow distribution.

When the temperature increased from 20 to 70�C, flow
nonuniformity increased by a factor of two. The increase in
flow nonuniformity at 70�C is due to the temperature devia-
tion in the barrier channels. The relative flow rate per chan-
nel is plotted as shown in Figures 13b and 13c. When the
experiments were conducted at 70�C, the profile of flow dis-
tribution changes. Flow rate was the smallest near to the
manifold inlet for microchannel number 1 and largest at the
end of manifold for microchannel number 8. Figure 13
shows a top view of the liquid manifold with the position of
manifold inlet and outlet to the barrier channels. The mani-
fold was not in contact with the water heating bath, but gets

heated due to the heat conduction via the metal connections.
The temperature near the manifold inlet was the lowest
(Low) while that in the last channel, microchannel 8, was
the highest (High). When temperature increased, liquid vis-
cosity decreased allowing larger flow rate in that specific
channel to maintain similar pressure drop as those of the par-
allel microchannels. The profile of flow distribution took the
shape of an inclined line; low near the manifold inlet and
high near the last microchannel. This result demonstrates
clearly the effect of temperature deviation in the barrier
channels on flow distribution.

Conclusions

In this article, the effect of temperature on flow distribu-
tion was demonstrated for the BMMR. The 2-PRN model
was used to compute the flow distribution for a predefined
temperature deviation in three parts of the BMMR: mani-
folds, barrier channels, and mixer and reaction channels.
Temperature deviation in the barrier channels has the strong-
est effect on flow distribution. Temperature deviation in the
manifold has negligible effect on flow distribution. For a
similar value of temperature deviation, the barrier channels

Figure 13. (a) Liquid flow nonuniformity at varied gas (from 10 to 230 mLn/min) and liquid (10–115 mL/min) flow
rates at two temperatures at 20�C and 70�C; (b) and (c) are the relative flow rate per channel for all flow
rates at 20�C and 70�C, respectively.

The schematic drawing show a top view of the liquid manifold, the inlet feed location, and the direction of increasing temperature in

the manifold from Low to High. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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affect flow distribution 10 times more than the mixer and
reaction channels. This value can change depending on the
relation between the viscosity and temperature.

The 2-PRN model could not be used to study the effect of
flow rate on temperature deviation. Instead, a one-
dimensional energy balance was developed. Above a certain
critical liquid residence time, flow rate had no significant
effect on the temperature deviation. The critical liquid resi-
dence time depends on the liquid used, the BMMR material
of construction and its geometrical dimensions.

A design methodology was proposed to provide cut-off
values of the maximum allowed temperature deviation in the
barrier channels and in the mixer and reaction channels. By
combining this design methodology with the previously
developed one on the effect of microchannel diameters, a
complete engineering methodology was achieved for main-
taining flow nonuniformity below a defined target. An exam-
ple of how to keep flow nonuniformity lower than 10% was
demonstrated.

Outlook

To operate the barrier-based distributor using another flow
regime, the design methodology can still be used if a pres-
sure drop correlation for the two-phase flow and how it is
influenced is known. The scaling parameters for the design
methodology are all given in term of pressure drops. That is
why it is possible to use the design methodology for another
flow regime. Verifying that experimentally still needs to be
made.

The operating flow rate for the distributor is presented pre-
viously by the authors.25 The operating flow rate of the
design methodology is the same as that of the barrier-based
distributor. However, it is important to note that the hydrau-
lic RN used in this design methodology is only valid for rel-
atively low Re numbers in the laminar regime. For larger Re
numbers, the hydraulic flow resistances due to flow turning,
contraction, expansion, and mixing, what is called singularity
losses, can not be neglected and strongly influence the mani-
fold performance. This is an issue of flow distribution for
single-phase flow which can be approached separately. For
the effect of variation in the hydraulic resistances in the bar-
rier channels due to the variation in channels diameters and
temperature deviation, no changes are anticipated on flow
distribution at larger Re numbers. However, for the influence
in the mixer and reaction channels, a case study using a
detailed fluid mechanics analysis (numerical and/or experi-
mental) can only bring clear answers to this question.

This study was performed with large degree of simplifica-
tion. Nonetheless, it provided a quick estimation of the criti-
cal design parameters needed for the numbering-up like the
diameter variations and temperature deviations. What is a
real challenge next, is to design a heat exchanger which
ensures a uniform heat supply or removal from the reaction
microchannels. The second challenge is to test this design
methodology in a real case which involves a reaction in the
gas-liquid microchannels. Thus, exploring the relation
between flow nonuniformities, temperature deviations, and
their effect on the reaction conversion and selectivity.
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