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h i g h l i g h t s

< The temperature difference on a heating wall between the inlet and outlet was reduced by a flow separation technique.

< The pressured drop was reduced by a flow separation technique.

< The single- and two-phase convection heat transfer coefficients were enhanced by a flow separation technique.

< The enhancement mechanisms were studied.
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a b s t r a c t

The temperature difference on a heating wall between the inlet and outlet is usually large during the

convective heat transfer in microgaps or microchannels due to the subcooling of the liquid and the

entrance effects. In this study, a flow separation technique was developed to experimentally demonstrate

that the overall transport processes including pressure drop and heat transfer could be significantly

improved. “Flow separation” denotes routing of a portion of the incoming flow through a passive

microjet. This flow arrangement was observed to effectively reduce the temperature difference along the

flow direction, interrupt the growth of boundary layer in the single-phase regime, as well as to introduce

mixing and manage the bubble expansion rate in the two-phase regime. The primary reasons for the

pressure drop reduction could be the increased flow area because of the additional auxiliary channel and

the effective management of the bubble expansion rate. Specifically, compared with a conventional

microgap in the similar working conditions, the average wall temperature during convective boiling was

reduced by 2.9 � 0.6 �C in the steady state at a mass flux of 83 kg/(m2 s) with a 60.4% reduction in the

pressure drop. Moreover, CHF in the two-phase regime reached 311 W/cm2 at a mass flux of 373.5 kg/

(m2 s).

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Compact heat exchangers (CHEs) are of great interest [1e3] for

their high thermal efficiencies, installation flexibilities, and high

resistances to fouling, as well as reduced volume, weight and cost

[4,5]. Nonetheless, heat transfer rate in CHEs is still hindered by

laminar flow. Significant progresses have been achieved to enhance

single-phase heat transfer using porous structures [6,7] and novel

configurations [8]. On the other hand, for two-phase heat transfer

in microchannels or microgaps, the low heat transfer rate could

result from the pre-mature critical heat flux (CHF) conditions

caused by two-phase flow instabilities [9,10]. Without modifying

the heat transfer surfaces, two-phase heat transfer rate could be

enhanced by reducing the channel size [11,12] and increasing the

mass flux, but usually with a significant penalty in the pumping

power [13]. Impingement jets [14e17] were developed to promote

CHF [17], however, additional power supply was required. Heat

transfer rate could be improved using nanofluids with higher

thermal conductivities [18], but the high viscosity nature of nano-

fluids resulted in extraneous pumping power. Surface modifica-

tions, such as nanowires [19], microporous structures [20] and

micro pin fins [21] were developed to enhance the heat transfer by

augmenting the surface areas, inducing mixing and disrupting the

growth of boundary layers [22]. The enhancements of heat transfer

rate by those techniques aforementioned usually led to a penalty of

pumping power. According to this brief literature review, it appears

that a trade-off between the enhancement of heat transfer rate and

the reduction of pressure drop persists. In this study, a flow
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separation technique was developed to experimentally demon-

strate the feasibility that convective heat transfer can be effectively

promoted with a significant pressure drop reduction

simultaneously.

2. Experiments

2.1. Test apparatus

Experimental tests were conducted in an open test loop as

shown in Fig. 1. Deionized (DI) water was degassed in a water tank

at 104 Pa with saturation temperature at approximately 46 �C and

the water temperature was maintained at 60 �C by a flexible

silicone-rubber heat sheet (McMaster) for 12 h prior to tests. The

degassed DI water was pumped from a reservoir to the test section

by a gear pump (ISMATEC� Regol-z digital) at a constant flow rate at

room temperature. The pump with a digital flow meter was cali-

brated using a bucket and stopwatch method prior to tests [23]. A

differential pressure transducer (OMEGADYNE, INC. PX409, 0-15

PSI) was used to measure the pressure drop between the inlet and

outlet plenums. The temperature and pressure signals were

recorded by an Agilent 34972A data acquisition system.

As shown in Fig. 2, the schematic of the test sample assembly

was comprised of two cover plates, a housing block, a copper heat

sink, a heating block, four cartridge heaters and insulation layers.

The cover plates were made of high temperature polycarbonate

plastic and the housingwasmade of G-7 fiberglass. The copper heat

sink and heating block were machined from oxygen free single Cu

blocks C10100. Four cartridge heaters (120 V, 500Weach) provided

heating source through a direct current (DC) power supply (BK

precision, Programmable PFC D.C. Supply 120 V/10 A, VSP 12010).

The whole heating block enclosed in an aluminum housing was

insulated by Nelson Firestop Ceramic Fibers.

Two-layer copper woven meshes were sintered on the copper

heat sink (Fig. 2) to serve as an enhanced heat transfer interface.

The whole structure was sintered in a high temperature furnace at

1000 �C in a hydrogen (H2) atmosphere for two hours. Brazing was

applied to reduce contact thermal resistance between the heat sink

and the heating block to ensure high heat flux work conditions. The

Nomenclature

G mass flux

k thermal conductivity of copper

q00 heat flux

T temperature

Ts1 surface temperature near the inlet, 2 mm from the

edge of the heat sink

Ts3 surface temperature in the center of the heat sink,

13 mm from the edge

T2eT4 measured temperature in the top row

T6eT8 measured temperature in the bottom row

Ti temperature along the flow direction

Ti,s surface temperature along the flow direction

Dx distance between the two rows of thermocouples

Dx0 distance between the top surface and the first

thermocouple row

DT superheat

Dp pressure drop through the microgap

Dpm measured pressure drop

Dp1 pressure drop through the microgap without microjet

Dp2 pressure drop through the auxiliary channel, microjet

and the downstream of the microgap while the inlet is

blocked

Dpc1, Dpc2 contraction pressure losses

Dpe1, Dpe2 expansion pressure losses

Rj flow resistance through the microjet

Rj2 flow resistance of the microjet while the inlet is

blocked

Rc flow resistance through the auxiliary channel

Rc2 flow resistance through the auxiliary channel while

the inlet of the microgap is blocked

Rg1 flow resistance through themicrogap withoutmicrojet

Rgd2 flow resistance of the downstream of the microgap

Rgu flow resistance through the upstream of the microgap

Subscripts

in inlet fluid

out outlet fluid

s surface

sat saturated fluid

DC power supply 

Water tank Water tank 

Test section 

DAQ System 

Digital gear pump  

Agilent  

Vacuum 

Microscope 

Pressure 

Temperature 

Valve 

Fig. 1. Test loop for convective heat transfer in a microgap.

Fig. 2. Schematic of the test sample assembly. 1, Small lexan cover. 2, Lexan cover with

a microjet. 3, G-7 fiberglass housing. 4, Thermocouple hole. 5, Sample. 6, Heating block.

7, Four heaters.
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copper heat sink was assembled into the G-7 fiberglass housing

(Fig. 2). High temperature RTV silicone was used to ensure thermal

insulations and sealing. As shown in Fig. 3, eight holes were drilled

in two rows to house thermocouples. Good contact conditions

between the thermocouples and heating block were achieved by

soldering.

2.2. Experimental study

A desired flow ratewas set by the digital gear pump. The electric

power was supplied to four heaters by a DC power supply at a given

step increment until CHF conditions were approached. The surface

temperature of the heat sinkwas estimated from the input heat flux

and temperature profile by a one-dimensional (1-D) conduction

mode. Two K-type thermocouples were placed in the inlet and

outlet plenum to measure the water inlet and outlet temperatures,

respectively. The steady state temperature and pressure were

monitored and recorded. The saturated water temperature was

estimated from the average working pressure. Two hundred sets of

data were collected in steady state, defined as the point at which

the temperature reading for all thermocouples varied by less than

0.2 �C over a period of ten minutes.

The experimental data was categorized into two groups. One is

the surface temperature (Ts) versus heat flux (q00) curves at a given

mass flux, and the other is the pressure drop (Dp) versus mass flux

(G) curves at a fixed input heat flux.

2.3. Data reduction

Heat flux was estimated from the two rows of thermocouples

according to the Fourier’s law. As shown in Fig. 3, the effective input

heat flux can be calculated as:

q00 ¼ k
DT

Dx
(1)

DT ¼
T6 þ T7 þ T8

3
�
T2 þ T3 þ T4

3
(2)

where, q00 is the effective input heat flux, k is the thermal conduc-

tivity of copper, and Dx is the distance between the two rows of

thermocouples as shown in Fig. 3. The locations of T2eT4 and T6eT8
are shown in Fig. 3 as well. The average surface temperature Ts was

given by:

Ts ¼
1

5

X5

1

Ti;s (3)

Ti;s ¼ Ti � q00
Dx0

k
ði ¼ 1� 5Þ (4)

where, Ti,s is the surface temperature along the flow direction, Ti is

the corresponding thermocouple reading, and Dx0 is the distance

between the first thermocouple row and the top surface as shown

in Fig. 3.

The measured pressure drop, Dpm, is between the inlet and the

outlet plenums. To eliminate the inlet contraction and outlet

expansion pressure losses, the pressure drop (Dp) through the

microgap was calculated as [24]:

Dp ¼ Dpm � ðDpc1 þ Dpc2Þ � ðDpe1 þ Dpe2Þ (5)

where Dpc1 and Dpc2 are the contraction pressure losses from the

deep plenum to the shallow plenum and from the shallow plenum

to the microgap, respectively; Dpe1 and Dpe2 are the expansion

Fig. 3. (a) Setup overview. 1, Groove for sealing. 2, Inlet water. 3, Inlet pressure

transducer hole. 4, Inlet plenum. 5, Fiberglass. 6, Outlet pressure transducer hole 7,

Water outlet. (b) Function of the flow separation. 1, Fiberglass housing. 2, High tem-

perature RTV silicone. 3, Thermocouple 1e8, where, Dx ¼ 4.5 mm and Dx0 ¼ 3 mm. 4,

Inlet water. 5, Inlet restrictor. 6, Lexan housing. 7, Main channel flow. 8, Separated flow.

9, Microjet. 10, Microgap. 11, Two-layer copper meshes. 12, Outlet water.

Fig. 4. Temperature distribution on the heating wall in a microgap along the flow direction. (a) Surface temperature distribution in single-phase heat transfer at a heat flux of 8.9 W/

cm2. (b) Surface temperature distribution in two-phase heat transfer at a heat flux of 104.3 W/cm2.
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pressure losses from the shallow plenum to the deep plenum and

from the microgap to the shallow plenum, respectively [24].

2.4. Uncertainty analysis

Uncertainties in measurements were estimated as: mass flux,

�1.8 kg/(m2 s), local temperature,�0.5 �C and differential pressure,

�0.25%. Uncertainty propagation in the calculated value was cal-

culated using the Kline and McClintock method [23]. The uncer-

tainty of the effective heat flux q00 was �6%.

2.5. Design and description of the passive microjet architecture

The objective of this study was to enhance heat transfer by

achieving more uniform temperature distribution along the flow

direction in a microgap (Figs. 4 and 5). Due to the subcooling of the

liquid and the entrance effects, the wall temperature of the

entrance regime (Ts1) is much lower than that at the center (Ts3) of

a microgap for both single-phase (Fig. 4a) and two-phase (Fig. 4b)

heat transfer modes. The increase of mass flux leads to an even

larger wall temperature difference between the inlet and outlet due

to the enhanced heat transfer. A thermally insulated channel was

fabricated in the plastic cover to introduce an auxiliary fluid flow

route. The auxiliary channel and the microgap were connected by

a passive microjet located above the center of the microgap (Fig. 5c

and d). The subcooled fluid was separated into two streams: the

main fluid flow through the microgap and the secondary flow via

the microjet through the auxiliary channel.

Specifically, for single-phase, the separated liquid flow can

promote the heat transfer rate by disrupting the growth of the

boundary layers and inducing mixing (Fig. 5a and c). As for two-

phase heat transfer, the bubble confinements can be well man-

aged by the secondary subcooled liquid flow through the intro-

duced direct condensation (Fig. 5b and d). Additionally, the collapse

of confined bubbles because of the direct condensation can induce

mixing, which is highly desirable in promoting heat transfer,

especially, in a microdomain. The auxiliary channel and the passive

microjet play important roles to significantly reduce the tempera-

ture in the zone from the center to the outlet. This, in return, would

lead to a heat transfer enhancement. More importantly, the pres-

sure drop will be reduced due to the increased flow area and the

effective management of the bubble expansion rate for two-phase

heat transfer [25].

In this study, sintered copper woven mesh screens were

employed to promote heat transfer in a microgap [26] and to

ensure a wide range of working heat fluxes. An inlet restrictor was

used to prevent reverse flow and mitigate two-phase flow in-

stabilities [27].

3. Results and discussion

3.1. The effects of two-layer mesh coatings

The two-layer mesh screen coated surface with larger heat

transfer areas, higher active nucleation site densities and additional

capillarity compared with plain bare surface was employed in this

study [26]. Two sets of experiments were conducted to examine the

effects of mesh layers coated surfaces and plain bare surface on

evaporation. As illustrated in Fig. 6a, results showed that the sur-

face temperatures were reduced by 9.6 � 0.6 �C and 8.2 � 0.6 �C at

a heat flux of 66.0 and 105.2 W/cm2, respectively, in the two-phase

regime, for a given mass flux. Also, CHFs were increased by 104%

and 46% at mass fluxes of 83 and 166 kg/(m2 s), respectively.

Moreover, a low temperature observed in the upstream section

under CHF conditions (Fig. 6b) indicated that the upstream section

was still effectively cooled because of the strong nucleate boiling

and capillary evaporation. Thus, temperature jump on the mesh

coatedmicrogap could be a result of insufficient liquid supply in the

downstream section, which implied the capillary limits. In order to

examine the effects of the separated flows on heat transfer in

a larger range of working heat flux, the mesh coated surface was

employed in this study as a baseline.

3.2. The effects of the separated flow on the DpeG curve

Experimental results with and without separated flow were

systematically compared and discussed in this section. DpeG

curves were shown in Fig. 7a at a heat flux of 98.3 W/cm2.

Fig. 5. Concept of the flow separation technique. (a) Fluid flow in the microgap during

single-phase flows. (b) Fluid flow in the microgap during flow boiling. (c) The work

mechanism of a passive microjet on single-phase flows. (d) The work mechanism of

a passive microjet on two-phase flows.

Fig. 6. Characterization of convective heat transfer in a microgap with sintered copper mesh screens. (a) Heat transfer performance in a microgap with sintered copper meshes; and

(b) Surface temperature distribution near the CHF conditions.
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Compared with the microgap without jet, DpeG curve was flat-

tened and pressure drop was significantly reduced through using

flow separation technique (with jet). For example, the pressure

drop reduction was measured to be 54.3% at a mass flux of

1265.5 kg/(m2 s) and a heat flux of 98.3 W/cm2. Additionally, the

reduction of the pressure drop was observed to increase with

increasing mass flux at a constant heat flux. The primary reasons

could be the increased flow area resulting from the auxiliary

channel and the effective management of the bubble expansion

rate in the two-phase regime [25]. In this study, an inlet restrictor,

which was demonstrated to be effective in suppressing two-phase

flow instabilities [21], was used to prevent reversal flow and to

track bubbles in the microgap. The tracked vapor bubbles could

collapse by introducing direct condensation, which resulted in

mixing to promote the heat and mass transfer.

3.3. The impacts of separated flow on heat transfer, CHF, and

pressure drop

The effects of the separated flow on both single-phase and two-

phase convective heat transfer in the microgap were exper-

imentally investigated for a given microjet size. Major dimensions

were specified in Table 1. Surface temperature and pressure drop

versus heat flux were shown and compared in Fig. 8 under three

mass fluxes. Results showed that the surface temperatures in

single-phase convective heat transfer were greatly reduced by the

flow separation technique. The average surface temperatures were

reduced by 8.2� 0.6, 4.9� 0.6 and 3.9� 0.6 �C at mass fluxes of 83,

166 and 373.5 kg/(m2 s), respectively, with the reductions of the

corresponding pressure at approximately 66.9%, 48.9% and 34.8%

(Fig. 8def). In the two-phase flow regime, the average surface

temperatures were reduced by 2.9 � 0.6, 1.2 � 0.6 and 0.7 � 0.6 �C

(Fig. 8aec) at the mass fluxes of 83, 166 and 373.5 kg/(m2 s) with

the reduction of pressure drop at approximately 60.4%, 30.2% and

10.4% (Fig. 8def), respectively.When the pumping powerwas fixed,

as illustrated in Fig. 7b, surface temperature drop was shown to be

more significant at a heat flux of 98.3 W/cm2 because of the higher

mass fluxes with fluid separation technique. As experimentally

demonstrated in this study, the separated fluid flow can be effective

in promoting convective heat transfer by reducing the local tem-

perature, importantly, with a significant reduction in the pressure

drop.

CHFs reached approximately 135.2, 214.3 and 311 W/cm2 at the

corresponding mass fluxes of 83, 166 and 373.5 kg/(m2 s) as shown

in Fig. 8. CHF was not observed to be enhanced for a given microjet

size. As discussed in Section 3.1, the capillary limit governed CHF

could be the primary reason in this configuration. The microporous

mesh screens were able to enhance the heat transfer rate, but

introduced additional flow resistance as discussed in Section 3.1. In

the high heat flux regime, the formation of a vapor film due to the

intensified vapor effusion on the mesh surfaces severely deterio-

rated the liquid supply on the heating areas [17].

As discussed in the previous section, the reduction of pressure

drop decreased with increasing mass flux as shown in Fig. 8def at

a given heat flux. To better understand this trend, a test was

conducted to study the component pressure drops in the micro-

gap with an auxiliary channel and a microjet. Fig. 9 showed that

the pressure drop (Dp1) in the microgap without a microjet

(Fig. 9a) and the pressure drop (Dp2) in the microgap with an

auxiliary channel and a microjet (Fig. 9b). The relationships be-

tween pressure drop and mass flux in these two cases were

shown and compared in Fig. 9c. As illustrated in Fig. 9c, a turning

point existed. For a given mass flux, the Dp2 was less than Dp1 at

lower mass fluxes due to the small thickness of the microjet. With

the mass flux increasing, a turning point, where Dp2 was higher

than Dp1, appeared. This implied that the proportion of water

through the auxiliary channel and microjet would be greatly

reduced at high mass fluxes and consequently, reduced the

effectiveness of the flow separation, which is consistent with the

observations in the experimental study as shown in Fig. 8aec. The

relationship between the flow resistances and the pressure drop

was shown by the sketched flow loop (Fig. 9d and e). The pressure

drop, Dp1, is determined by the flow resistance in the microgap

without microjet, Rg1 (Fig. 9d); while the pressure drop, Dp2, is

determined by the flow resistances from the auxiliary channel,

Rc2, microjet, Rj2, and the downstream of the microgap, Rgd2
(Fig. 9e). The flow separation process is highly dynamic and its

effectiveness would be dependent on the transient flow re-

sistances. As shown in Fig. 9f, the proportion of the working fluid

that flows through the auxiliary channel shall be determined by

the flow resistance through the upstream of the microgap, Rgu,

and the parallel flow resistance through the auxiliary channel and

microjet, Rc þ Rj.

Fig. 7. (a) Comparison of the DpeG curves for the microgap with and without microjet; (b) Surface temperature versus pressure drop.

Table 1

Dimensions of the configurations.

Samples Parameters

2 layer mesh Thickness: 0.16 mm Wire diameter:

0.056 mm

Porosity: 0.72

Microgap Height: 0.34 mm Length: 26 mm Width: 5.5 mm

Copper block e Length: 26 mm Width: 5.5 mm

Inlet restrictor Height: 0.05 mm Length: 2 mm Width: 5.5 mm

Thermocouple

holes

Diameter: 0.85 mm Depth: 2.5 mm e

Microjet Diameter: 0.8 mm Length: 3 mm e

Auxiliary channel Height: 2 mm Length: 20 mm Width: 5.5 mm

X. Dai et al. / Applied Thermal Engineering 54 (2013) 281e288 285



Fig. 8. Effects of the microjet on heat transfer enhancement and pressure drop reduction. (aec) Surface temperature versus input heat flux; (def) Pressure drop versus input heat

flux under various mass fluxes.

Fig. 9. Pressure drop in the flow loop. (a) The flow in the microgap without microjet. (b) The flow through the microjet while the inlet is blocked. (c) The mass flux through the

microgap and microjet, respectively. (d) The flow in the microgap without microjet. (e) The flow in the microjet with the blocked inlet of the microgap. (f) The flow through the

parallel microjet and microgap.

X. Dai et al. / Applied Thermal Engineering 54 (2013) 281e288286



The enhancement for both single-phase and two-phase con-

vective heat transfer resulted from the more evenly distributed

surface temperature on the heating surface. Subcooled liquid

through the auxiliary insulated channel, which was separated from

the inlet manifold, was supplied to the heating area via a microjet.

This flow arrangement was effective in enabling more evenly dis-

tributed surface temperature as shown in Fig. 10aec. At a low input

heat flux, single-phase convective heat transfer was dominant and

the surface temperature goes up from the inlet to the outlet due to

the diminishing entrance effects and the reduced temperature

difference between fluid and heating walls. The directly impinged

subcooled liquid via a microjet could bring several advantages:

increasing heat transfer rate by effectively cooling the hot areas and

disrupting the growth of boundary layers. As shown in Fig. 10aec,

flow separation resulted in a more uniform temperature distribu-

tion and lower average temperature than on the microgap without

implementing flow separation for single-phase heat transfer.

However, the surface temperature reduction was shown to

decrease with mass flux increasing. This could be caused by the

reduced flow rate through the auxiliary channel since the pressure

drop increased faster in the auxiliary channel than that in the

microgap as measured in Fig. 9c.

The advantages of the flow separation in two-phase heat

transfer include the suppression of bubble growth and flow insta-

bility, prevention of large bubble growth, and introduction of

mixing induced by the direct condensation on vapor bubbles. These

effects effectively achieved a more uniform temperature distribu-

tion and reduced the average surface temperature (Fig. 10def).

4. Conclusions

The fluid separation technique was developed to achieve a more

uniform wall temperature distribution along the flow direction of

a microgap. For a given microjet size, heat transfer enhancements

in both single-phase and two-phase regimes were experimentally

demonstrated in the low mass flux conditions. This passive

microjet can result in a significant pressure drop reduction

simultaneously.

The enhancement mechanisms for both single-phase and two-

phase heat transfer were discussed. Single-phase heat transfer in

themicrogapwas enhanced by fully utilizing the cooling capacity of

the coolant and reducing temperature gradients along the flow

direction, disrupting the boundary layer growth and inducing

mixing. In addition, the flow boiling was promoted by effectively

suppressing the bubble growth and flow instabilities by introduc-

ing the separated subcooled liquid flow and introducing mixing

through the collapse of bubbles.

In this study, the microjet with a diameter of 0.8 mm was

demonstrated in enhancing heat transfer rate with a significant

reduction in the pressure drop at a low mass flux of 83 kg/(m2 s).

The effectiveness of the flow separation was observed to be gov-

erned by the portion of fluid through the auxiliary channel. Further

optimization needs to be done to systematically study the effects of

the microjet on heat transfer enhancement and pressure drop

reduction.
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