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Abstract

Critical heat flux (CHF) was measured for a water-cooled micro-channel heat sink containing 21 parallel 215· 821
lm channels. Tests were performed with deionized water over a mass velocity range of 86–368 kg/m2s, inlet temper-

atures of 30 and 60 �C, at an outlet pressure of 1.13 bar. As CHF was approached, flow instabilities induced vapor

backflow into the heat sink’s upstream plenum, which significantly altered the coolant temperature at the channel inlets.

The backflow negated the advantages of inlet subcooling, resulting in a CHF virtually independent of inlet temperature

but which increases with increasing mass velocity. Due to the vapor backflow and other unique features of parallel

micro-channels, it is shown previous correlations that are quite accurate at predicting CHF for single mini-channels are

unsuitable for micro-channel heat sinks. Using the new heat sink water CHF data as well as previous data for R-113 in

heat sinks with multiple circular mini- and micro-channels, a new CHF correlation is proposed which shows excellent

accuracy in predicting existing heat sink data.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The past decade has witnessed unprecedented

improvements in the performance of computer proces-

sors which were brought about, for the most part, by a

restless pursuit of micro-miniaturization of components

in the processor itself. These advances have led to

alarming increases in the amount of heat that is dissi-

pated and has to be removed from these processors. The

large increase in heat dissipation per unit surface area

and per unit volume is not limited to computer proces-

sors. In fact, this trend is evident in many cutting-edge

power and switching devices as well as laser diode ar-

rays. Heat dissipation rates in these devices have already

escalated to levels that can no longer be managed with

conventional cooling techniques. New, more powerful

cooling systems are therefore needed to both meet the

challenges of emerging technologies as well as make
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possible further developments in these technologies that

will undoubtedly bring about further increases in heat

dissipation.

Several cooling schemes have been developed in re-

cent years that capitalize upon the merits of phase

change to achieve the desired cooling performance.

These include pool boiling thermosyphons, channel flow

boiling, jet, and sprays. Two-phase micro-channel heat

sinks are a special class of channel flow boiling systems.

They offer unique advantages that clearly set them apart

from other high-performance cooling systems. A typical

micro-channel heat sink consists of a high-conductivity

slab containing multiple, parallel channels with cross-

sectional dimensions of 10–1000 lm. The heat-dissipat-

ing device is attached to the planar surface of the heat

sink, from which the heat is conducted to a liquid

coolant that is supplied through the channels. High

device heat fluxes cause the coolant to boil along the

micro-channel. Two key merits of boiling in micro-

channels are (1) very large convective heat transfer

coefficients (i.e., low device temperatures) and (2) relati-

vely small temperature rise along the channel compared
ed.
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Nomenclature

A parameter in empirical correlations

Ach micro-channel cross-sectional area

Ah micro-channel heated inside area

At planform area of heat sink’s top surface

C parameter in empirical correlations

C0 void distribution parameter

cP specific heat at constant pressure

d inner diameter of circular channel

de heated equivalent diameter of rectangular

channel

F1 to F4 parameters in empirical correlations

g gravitational constant

G mass velocity in micro-channel

h fluid enthalpy

Hcell height of heat sink unit cell

Hch height of micro-channel

hf enthalpy of saturated liquid

hfg latent heat of vaporization

Dhsub;in inlet subcooling

Hw1 thickness of plastic cover plate

Hw2 distance from thermocouple to micro-chan-

nel bottom wall

K inlet subcooling parameter

K1 to K3 parameters in empirical correlations

kf thermal conductivity of liquid

ks thermal conductivity of copper heat sink

L heated length of micro-channel

_m total mass flow rate

M number of data points

MAE mean absolute error

n parameter in empirical correlations

N number of micro-channels in heat sink

P pressure

Ph inside heated perimeter of channel

Pp;out pump exit pressure

PR reduced pressure in Bowring correlation

PW total electrical power input to heat sink’s

cartridge heaters

q00eff effective heat flux based on heat sink’s top

planform area

q00eff ;m CHF based on heat sink’s top planform area

q00p mean heat flux based on channel heated in-

side area

q00p;m CHF based on channel heated inside area

q00p;m0 CHF based on channel heated inside area

for zero inlet subcooling

q00p;m01 to q00p;m05 parameters in empirical correlations

tc1 to tc4 thermocouples

T temperature

Tsat saturation temperature

Ttci thermocouple reading (i ¼ 1 to 4)

Tw;tci channel bottom wall temperature at ther-

mocouple location

Wcell width of heat sink unit cell

Wch width of micro-channel

Ww half-width of wall separating micro-chan-

nels

We Weber number

xe thermodynamic equilibrium quality

z stream-wise location

Greek symbols

k characteristic wavelength

q density

r surface tension

Subscripts

exp experimental (measured)

f liquid

g vapor

in inlet

out outlet

m maximum (critical heat flux)

pred predicted

s solid (copper heat sink)

tci thermocouple (i ¼ 1 to 4)
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to single-phase micro-channel cooling. Coupled with

their intrinsically small thickness, these two advantages

greatly reduce overall thermal resistance between the

device and coolant, reduce coolant flow rate and

inventory requirements, and provide a high degree of

temperature uniformity along the flow direction. These

attributes have made these heat sinks a prime con-

tender for compact, lightweight cooling systems in such

applications as satellites, avionics, and portable com-

puters.
These practical merits of two-phase micro-channel

heat sinks have attracted considerable attention in re-

cent years on several issues concerning their phase

change characteristics. These include boiling incipience

[1,2], dominant flow patterns [3–5], hydrodynamic

instability [6–9], heat transfer [10–14], and pressure drop

[9,12,15–19]. The issue of critical heat flux (CHF),

however, has received very limited attention, despite the

great importance of this parameter to the design and

safe operation of a heat sink.
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CHF generally refers to the outcome of events that

cause a sudden, appreciable decrease in the heat transfer

coefficient for a surface on which boiling is occurring.

For a heat-flux-controlled system, such as the case with

most practical two-phase micro-channel heat sinks,

exceeding CHF can lead to a sudden large increase in

surface temperature, which, for most coolants, can lead

to catastrophic system failure. The ability to determine

CHF is therefore of vital importance to the safety of

two-phase micro-channel heat sinks since only with such

knowledge can a heat sink be designed with an accept-

able margin of safety relative to maximum heat flux

dissipation or minimum coolant flow rate.

Two-phase micro-channel heat sinks generally in-

volve flow boiling in straight, constant-cross-sectional-

area channels with constant mass flow rate and uniform

heat distribution along the flow direction. For such

systems, CHF generally commences at the channel

outlet [20,21]. According to whether the bulk fluid at

channel outlet is subcooled or saturated when CHF

occurs, flow-boiling CHF can be classified as either

subcooled CHF or saturated CHF. The two types of

CHF are triggered by drastically different mechanisms.

Subcooled CHF indicates situations where the bulk

fluid temperature at the channel outlet is sub-

cooled when CHF occurs. This condition is represented

by a thermodynamic equilibrium quality, which is de-

fined as

xe ¼
h� hf
hfg

; ð1Þ

that is less than zero at the outlet, xe;out < 0. Conditions

that often lead to subcooled CHF include large mass

velocity, high inlet subcooling, and/or channels with a

small length-to-diameter ratio. At the channel outlet, the

bulk fluid remains in mostly liquid state with a large

number of very small vapor bubbles confined to the

heated wall. Researchers have proposed several theories

to explain the trigger mechanism for subcooled CHF:

intense boiling causes the bubble-liquid boundary layer

to be separated from the heated wall and the resulting

stagnant liquid to evaporate [22], bubble crowding

within the boundary layer inhibits liquid replenishment

near the surface causing the formation of an insulating

vapor layer [23], and dryout of a liquid sublayer beneath

large vapor bubbles causes the local wall temperature to

rise appreciably [24]. Hall and Mudawar [25] provided a

comprehensive review of the current state of knowl-

edge of subcooled CHF for water flow boiling in chan-

nels, and derived a statistical correlation based on the

entire world subcooled CHF database available until

1999.

Saturated CHF is encountered in situations where

xe;out P 0 when CHF occurs. Conditions that com-

monly lead to saturated CHF include small mass
velocity, low inlet subcooling, and/or channels with a

large length-to-diameter ratio. The corresponding flow

pattern at the channel outlet is mostly annular with the

vapor phase occupying most of the channel core while

the liquid flows as a thin film along the channel wall.

Dryout of the liquid film near the outlet is widely re-

garded as the trigger mechanism for saturated CHF

[20,21]. Micro-channel heat sinks are especially prone to

this type of CHF since they are used in applications

demanding minimal flow rates and small coolant

inventory.

As the transport process behind flow boiling CHF is

extremely complex, CHF predictions rely heavily on

empirical correlations that are derived from experi-

mental CHF databases [21,25]. Available saturated

CHF data for flow boiling in mini/micro-channels were

compiled by the present authors and are summarized in

Table 1. In this paper, mini-channels refer to channels

with characteristic cross-sectional dimensions from

about 1 to 3 mm, and micro-channels less than 1 mm.

The database contains 438 saturated CHF data points,

including 392 for water flow in single circular mini-

channels (d ¼ 1–3 mm), 22 for Refrigerant R-113 in

single circular mini-channels (d ¼ 3:15 mm), and 24 for

R-113 in circular mini-(d ¼ 2:54 mm) and micro-channel

(d ¼ 510 lm) heat sinks. Sources and parameter ranges

for the CHF data are also provided in Table 1. In

addition to those listed in Table 1, Nariai et al. [32] and

Yu et al. [33] also conducted experimental studies on

saturated CHF of water in single circular mini-channels.

However, their data are excluded from the database as

they were not available in fully characterized tabular

form. Close examination of Table 1 reveals a severe

shortage of data for micro-channels, and clearly points

to a need for further experimental study. With the

exception of Bowers and Mudawar’s work [15], all other

saturated CHF data were obtained using single chan-

nels. CHF in a heat sink containing multiple parallel

channels may be significantly different from that in a

single channel, as boiling and two-phase flow are less

stable in the former. Another aspect of the database is

that all the available saturated CHF data are for circular

channels, while channels in practical heat sinks are

mostly rectangular because of their ease of fabrication.

Finally, the majority of the saturated CHF data are

for mini-channels whose inner diameters are consider-

ably larger than those employed in micro-channel heat

sinks.

The present study explores flow boiling CHF for a

water-cooled two-phase micro-channel heat sink. The

primary objectives of the present study are: (1) to pro-

vide new saturated CHF data for flow boiling in a heat

sink containing rectangular micro-channels, (2) to assess

the accuracy of previous empirical CHF correlations for

both single mini-channels as well as mini/micro-channel

heat sinks, and (3) to develop a new CHF correlation



Table 1

Parameter ranges of saturated CHF data for flow boiling in mini/micro-channels

Reference No. of data d (mm) L=d G (kg/m2s) Pout (bar) Tin (�C) xe;out q00p;m (W/cm2)

(a) Water flow boiling in single circular mini-channels

Lowdermilk

et al. [26]

188 1.30 50.0 94.9 1.01 22.2 0.020 23.0

2.44 250.0 30379.8 7.91 25.6 0.980 2504.8

Weatherhead

[27]

6 1.14 100.0 4370.0 13.8 153.87 0.210 732.0

1.14 100.0 5180.0 13.8 165.62 0.265 732.0

Becker [28] 82 2.40 166.7 365.0 31.0 19.33 0.207 114.0

3.00 208.3 2725.0 71.0 83.78 0.891 513.0

Lezzi et al.

[29]

68 1.00 239.0 776.0 29.4 22.9 0.660 28.5

1.00 975.0 2738.0 72.0 288.0 0.990 236.3

Roach et al.

[30]

48 1.17 110.5 246.6 3.36 48.90 0.362 86.0

1.45 137.0 1036.9 10.42 72.50 1.182 369.8

(b) R-113 flow boiling in single circular mini-channels

Lazarek and

Black [31]

22 3.15 40.0 232.0 1.14 23.90 0.290 18.3

3.15 40.0 503.0 4.14 94.30 0.887 33.6

(c) R-113 flow boiling in circular mini and micro-channel heat sinks

Bowers and

Mudawar [15]

24 0.51 3.94 29.8 1.06 37.26 0.581 35.54

2.54 19.61 476.3 1.37 37.26 1.528 105.50
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that is particularly suited for mini/micro-channel heat

sinks.
2. Experimental apparatus

2.1. Test module

Fig. 1(a) illustrates the layered construction of the

micro-channel heat sink test module. The micro-chan-

nels were cut into the 4.48 cm long and 1.0 cm wide top

surface of an oxygen-free copper block. Twenty-one 215

lm wide and 821 lm deep micro-slots were machined

within the 1-cm width of the top surface. Heat was

supplied to the micro-channels from twelve high-power-

density cartridge heaters that were inserted into bores in

the underside of the copper block.

The copper bock was inserted along the central hol-

lowed section of a thermally insulating G-7 fiberglass

plastic housing. A small protruding platform around the

periphery of the heat sink ensured that the top surface of

the heat sink was flush with the top surface of the

housing. The housing contained a deep plenum leading

to another shallow plenum both upstream and down-

stream of the heat sink to ensure even flow distribution.

A polyetherimide thermoplastic (GE Ultem 1000) cover

plate was bolted atop the heat sink. Aside from forming

the top surface for the individual micro-channels, this

semi-transparent cover plate provided visual access to

the flow boiling inside the micro-channels. After the test

module was assembled, multiple layers of ceramic fiber

were wrapped around the copper block to reduce heat

loss to the ambient.
Four Type K thermocouples, indicated in Fig. 1(a) as

tc1 to tc4 (from upstream to downstream), were inserted

below the top surface of the heat sink to measure the

stream-wise temperature distribution along the central

plane. Error associated with the thermocouple readings

was smaller than ±0.3 �C. The cartridge heaters were

powered by a 0–110 VAC variac and their total electrical

power input measured by a 0.5% accuracy wattmeter.

Located in the deep plenums were two absolute pressure

transducers and two Type-K thermocouples for inlet

and outlet pressure and temperature measurements,

respectively. The uncertainty for these pressure and

temperature measurements was 3.5% and ±0.3 �C,
respectively.

Prior to performing the CHF measurements, a series

of single-phase tests were conducted within the same

flow rate range. Comparison between electrical power

input and the increase in water enthalpy during these

single-phase tests showed heat loss was smaller than 4%.

All heat flux data presented in this study were therefore

based on the measured electrical power input.

2.2. Flow loop

Deionized water was supplied to the test module

using the flow loop illustrated schematically in Fig. 1(b).

The bulk of the water resided in a reservoir which also

served as a deaeration chamber. A gear pump provided

the necessary pressure rise at the module inlet over the

desired range of flow rates. The water flow rate was

measured by one of two rotameters that were arranged

in parallel. Measurement uncertainty of the flow meters

was better than 4%. Two control valves, one situated



Fig. 1. (a) Test module construction and (b) schematic of flow loop.
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upstream and the other downstream of module, played a

vital role in the flow regulation. The downstream valve

was used to regulate the heat sink’s outlet pressure.

Throttling the upstream valve eliminated a type of
instability, severe pressure drop oscillation, which is

caused by interaction between the two-phase flow in the

parallel micro-channels and the upstream compressible

volume in the loop. Another mild parallel channel
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instability persisted in the micro-channels even with the

throttling of the upstream valve. This latter instability

caused random axial oscillations of the boundary be-

tween the liquid and downstream two-phase mixture,

but had a relatively mild effect on heat sink pressure

drop. These flow instabilities were described in a previ-

ous paper by the present authors [9], and will be ad-

dressed briefly later in this paper.
Fig. 2. Unit cell of micro-channel heat sink.
2.3. Experimental procedure

Before making any CHF measurements, the water in

the reservoir was brought to a vigorous boil inside the

reservoir for about one hour to purge any dissolved

gases into the ambient. Subsequently, the flow loop

components were adjusted to yield the desired operating

conditions according to Table 2.

Using the upstream valve, the pump exit pressure,

Pp;out, was elevated to about 2.0 bar to prevent the

aforementioned severe pressure drop oscillation. After

the flow became stable, the heater power was adjusted to

a level below incipient boiling. The power was then in-

creased in small increments and the flow loop compo-

nents were continuously adjusted to maintain the desired

operating conditions. Following each power increment,

the heat sink was allowed sufficient time to reach steady-

state, and the inlet and outlet pressures, Pin and Pout, inlet
and outlet temperatures, Tin and Tout, and heat sink

temperatures, Ttc1 to Ttc4, were all recorded using an HP

data acquisition system that was interfaced to a PC.

Each test was terminated when CHF was encoun-

tered in the micro-channel heat sink. After CHF was

triggered at the channel outlet, it propagated upstream

along the channel. With a short time delay, the ther-

mocouple closest to the channel outlet (tc4) sensed a

sudden unsteady temperature rise. The test was then

terminated once CHF reached the location of tc4 to

avoid over heating of the test module.

The water mass velocity G was determined from the

measured mass flow rate, _m, number of micro-channels,

N , and cross-sectional area, Ach, of a micro-channel.

G ¼ _m
NAch

: ð2Þ

Two definitions are used in the present study for heat

flux to the heat sink. The first is an ‘‘effective’’ heat flux,

q00eff , defined as the total electrical power input measured
Table 2

Operating conditions for present study

Coolant Inlet temperature, Tin (�C) Mass velocity, G (kg/m2s

Deionized

water

30.0 86–368

60.0 86–368
by the wattmeter, PW, divided by the top planform area

of the heat sink, At ¼ 1:0� 4:48 cm2.

q00eff ¼
PW
At

: ð3Þ

The second definition is a mean heat flux averaged over

the micro-channel heated inside area, q00p, as illustrated in

Fig. 2 for a heat sink unit cell containing a single micro-

channel as well as surrounding solid-dimensions of the

unit cell are given in Table 3. While q00eff provides a global
measure of the heat sink’s thermal performance, q00p is

more useful when investigating empirical flow boiling

CHF correlations. Referring to Fig. 2, q00p can be related

to q00eff by

q00p ¼
q00effWcell

Wch þ 2Hch

: ð4Þ

The CHF values reported in this study represent the

highest heat flux (q00eff ;m or q00p;m) measured for stable flow

boiling before the last power increment that precipitated

the unsteady temperature rise.
) Outlet pressure, Pout (bar) Pump exit pressure, Pp;out (bar)

1.13 2.0

1.13 2.0



Table 3

Dimensions of micro-channel heat sink unit cell

Ww (lm) Wch (lm) Hw1 (lm) Hch (lm) Hw2 (lm)

125 215 12,700 821 2354
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3. Results and discussion

3.1. Boiling curve

Fig. 3(a) and (b) show typical boiling curves obtained

at the four thermocouple locations for a mass velocity of

228 kg/m2s and inlet temperatures of 30 and 60 �C,
respectively. The effective heat flux, q00eff , is plotted versus

the difference between the local channel bottom wall

temperature, Tw;tci, and inlet temp erature, Tin. Referring

to Fig. 2, Tw;tci was evaluated from q00eff and thermocouple
Fig. 3. Boiling curves measured at ztc1 to ztc4 for (a) G ¼ 228 kg/

m2s and Tin ¼ 30 �C, and (b) G ¼ 228 kg/m2s and Tin ¼ 60 �C.
readings Ttci by assuming one-dimensional heat con-

duction between thermocouple location and channel

bottom wall immediately above.

Tw;tci ¼ Ttci �
q00effHw2

ks
: ð5Þ

The inlet temperature Tin was measured directly by the

thermocouple located in the upstream plenum. However,

as the heat flux approached CHF, the parallel-channel

instability, which had been mild over a wide range of heat

fluxes, became quite intense. This caused a significant

amount of vapor from the micro-channels to flow

backwards into the upstream plenum and mix with the

incoming subcooled liquid. This was clearly manifest by

upstream plenum thermocouple reading temperatures

significantly higher than that of the incoming liquid, Tin.
Under these conditions, the incoming liquid temperature

is assigned the value of Tin. This issue will be discussed in

more detail in the next section.

Fig. 3(a) and (b) show the slopes of all boiling curves

are fairly constant at low heat fluxes corresponding to

the single-phase liquid cooling regime. With increasing

heat flux, the slope of the boiling curve begins increasing

at ztc4, indicating flow boiling is initiated near the outlet.

Further heat flux increases cause similar slope changes

for the upstream thermocouple locations in uniform

succession. As the heat flux approaches CHF, the slope

begins to decrease again, indicative of reduced heat

transfer effectiveness, which also begins at ztc4 and

propagates upstream at slightly higher fluxes. Eventu-

ally, CHF is detected at ztc4. CHF values for the con-

ditions given in Fig. 3(a) and (b) are q00eff ;m ¼ 184:5 and

184.4 W/cm2, respectively.

3.2. Hydrodynamic instability

In a previous study by the present authors [9], two

types of flow instability were identified in the heat sink

test module as described in the previous section. The

first-severe pressure drop oscillation-was the result of

interaction between the two-phase flow in the heat sink

and the upstream compressible volume in the flow loop.

This instability produced severe flow oscillations across

the heat sink, which occurred when the control valve

upstream of the module was fully open. The boiling

boundary between the liquid and downstream two-

phase mixture in all channels showed severe fluctuation,

moving back and forth in unison between the inlet and

outlet. By throttling the upstream control valve, this



Fig. 5. Inlet temperature versus effective heat flux for G ¼ 228

kg/m2s and Tin ¼ 30 and 60 �C.
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severe flow oscillation was virtually eliminated, and the

boiling boundary fluctuated between micro-channels in

a random but mild manner. This second type of insta-

bility was classified as mild parallel channel instability,

resulting from micro-channel interactions that are

intrinsic to the heat sink itself.

All the present tests were therefore conducted with the

upstream control valve throttled. During the tests, how-

ever, it was observed that the parallel channel instability,

which was very mild over a large portion of the heat flux

range, became severe as CHF was approached. Fig. 4

shows a schematic of the micro-channel inlet at these high

pre-CHF heat fluxes. Vapor was observed to flow back-

wards from the individual micro-channels into the up-

stream shallow plenum, eventually forming a thick

intermittent vapor layer. This layer was broken up into

many small vapor bubbles, which propagated further

upstream even into deep plenum, where it mixed with the

incoming liquid. The upstream plenum interactions be-

tween the vapor and incoming liquid significantly altered

the fluid temperature in the deep plenum. Fig. 5 shows the

upstream plenum thermocouple readings are fairly con-

stant over a broad range of heat fluxes but begin to in-

crease significantly for the last two or three heat flux

increments immediately prior to CHF. Recall that the

boiling curves shown in Fig. 3(a) and (b) were referenced

relative to a Tin value equal to the mean thermocouple

readings corresponding to lower heat fluxes. These values

are shown as horizontal lines in Fig. 5.
Fig. 4. Schematic representation of observed vap
3.3. CHF characteristics

The CHF data measured during the present study are

given in Table 4 along with the corresponding operating

conditions. Inlet temperature, Tin, is based on the aver-

age of measured inlet temperatures before the pre-CHF

loss of subcooling depicted in Fig. 5 begins to take effect.

Outlet quality, xe;out, is evaluated using Eq. (1), where the

outlet fluid enthalpy, hout, is determined by applying an

energy balance for the entire heat sink.
or backflow as heat flux approaches CHF.



Table 4

Present CHF data for water in rectangular micro-channel heat sink

Tin (�C) G (kg/m2s) Pin (bar) Pout (bar) xe;out q00eff;m (W/cm2) q00p;m (W/cm2)

32.16 85.9 1.213 1.131 0.524 107.64 26.91

30.66 124.2 1.231 1.127 0.398 126.48 31.62

31.66 159.2 1.271 1.133 0.376 154.94 38.74

31.46 194.5 1.285 1.129 0.310 164.93 41.24

30.65 228.0 1.310 1.135 0.288 184.48 46.13

30.60 263.2 1.331 1.130 0.250 193.64 48.42

30.54 299.5 1.309 1.123 0.214 200.00 50.01

30.65 336.1 1.331 1.132 0.178 201.66 50.42

30.63 368.4 1.324 1.139 0.172 216.76 54.20

59.00 85.9 1.223 1.131 0.562 105.66 26.42

60.69 124.2 1.249 1.135 0.434 121.69 30.43

60.50 159.2 1.310 1.141 0.424 153.21 38.31

58.96 194.5 1.314 1.131 0.361 164.60 41.16

60.69 228.0 1.366 1.140 0.344 184.43 46.12

59.34 263.2 1.375 1.132 0.295 189.59 47.41

60.88 299.5 1.398 1.135 0.283 207.33 51.84

59.94 336.1 1.393 1.143 0.233 201.59 50.41

59.63 368.4 1.375 1.133 0.214 207.85 51.97
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hout ¼ hin þ
q00effAt

_m
: ð6Þ

The thermophysical properties used in Eq. (1) were

based on the outlet pressure Pout. Table 4 shows xe;out
values at CHF are all positive, indicating saturated CHF

conditions. In addition, increasing mass velocity G from

85.9 to 368.4 kg/m2s decreases xe;out from 0.524 to 0.172

for Tin ¼ 30 �C and 0.562 to 0.214 for Tin ¼ 60 �C.
Fig. 6 shows CHF increases monotonically with

increasing G for both inlet temperatures. However, what

is quite surprising is inlet temperature, Tin, has virtually
no effect on CHF.

Interestingly, these CHF trends relative to mass

velocity G and inlet temperature Tin mirror those of
Fig. 6. Variation of CHF
Bowers and Mudawar for Refrigerant R-113 in circular

mini and micro-channel heat sinks [15]. While the trend

of increasing CHF with increasing G is quite common,

the lack of inlet temperature effect on CHF seems to be

unique to two-phase mini/micro-channel heat sinks, not

single micro/mini-channels. A key difference between

heat sinks and single channels is the aforementioned

amplification of parallel channel instability prior to

CHF. As discussed earlier, this amplification causes

back flow of vapor into the upstream plenum, which

results in strong mixing of the vapor with the incoming

liquid. Regardless how subcooled the incoming liquid is,

the mixing action appears to increase the temperature of

the liquid close to the local saturation temperature as it

approaches the channel inlet.
with mass velocity.
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3.4. Assessment of previous CHF correlations

In this section, the applicability of previous CHF

correlations to predicting saturated flow boiling CHF in

single mini-channels as well as in mini/micro-channel

heat sinks is examined through comparison of correla-

tion predictions with experimental CHF data.

Summarized in Table 5 are the Bowring [34,35] and

the Katto and Ohno correlations [36], which are the

most popular among numerous correlations developed

for saturated flow boiling CHF in single (isolated) cir-

cular channels [20]. These two correlations are first

compared with saturated CHF data for water and R-113

in single circular mini-channels that were compiled by

the present authors and presented earlier in Table 1. Fig.

7(a) shows the Bowring correlation agrees quite well

with the CHF data in the low CHF range, but shows

poor predictive capability in the high CHF range. The
Table 5

Correlations for saturated flow boiling CHF in single circular channe

Reference

[34,35] q00p;m ¼ A�0:25dGDhsub;in
CþL

Dhsub;in ¼ hf � hin; A ¼ 2:317ðdGhfg
1:0þ0:0143F

n ¼ 2:0� 0:5PR; PR ¼ 0:145Pout

F1 ¼ 1
1:917

P 18:942
R exp½20:89ð1:0�

�
F3 ¼ 1

1:667
P 17:023
R exp½16:658ð1:0

�

[36] q00p;m ¼ q00p;m0 1:0þ K Dhsub;in
hfg

� �

q00p;m01 ¼ CðGhfgÞWe�0:043 1
L=d

q00p;m02 ¼ 0:1ðGhfgÞ
qg
qf

� �0:133

We�1=3

q00p;m03 ¼ 0:098ðGhfgÞ
qg
qf

� �0:133

We�

qp;m04 ¼ 0:0384ðGhfgÞ
qg
qf

� �0:6

We�

q00p;m05 ¼ 0:234ðGhfgÞ
qg
qf

� �0:513

We�

We ¼ G2L
rqf

; C ¼ 0:25 for L
d < 50;

C ¼ 0:34 for L
d > 150

K1 ¼ 0:261
CWe�0:043; K2 ¼ 0:833ð0:0124þd=LÞ

ðqg=qf Þ0:133We�1=3

For
qg
qf
< 0:15:

When q00p;m01 < q00p;m02, q
00
p;m0 ¼

When q00p;m01 > q00p;m02, if q
00
p;m02

When K1 > K2, K ¼ K1; whe

For
qg
qf
> 0:15:

When q00p;m01 < q00p;m05, q
00
p;m0 ¼

When q00p;m01 > q00p;m05, if q
00
p;m05

When K1 > K2, K ¼ K1; whe
mean absolute error (MAE) for this correlation, which is

defined as

MAE ¼ 1

M

X jq00p;m;pred � q00p;m;expj
q00p;m;exp

� 100%; ð7Þ

is 28.3% for a total of M ¼ 414 data point. Fig. 7(b)

shows the Katto and Ohno correlation yields superior

predictions over the entire heat flux range. The MAE for

this correlation is 17.3% with most of the data points

falling within a ±40% error band.

Fig. 8(a) and (b) compare the predictions of the

Bowring and the Katto and Ohno correlations with the

present CHF data of water in the micro-channel heat

sink. As the present channel shape is rectangular, a he-

ated equivalent diameter, de, defined as [37]

de ¼
4Ach

P
¼ 4Ach

W þ 2H
; ð8Þ
ls

=4ÞF1
2d0:5G

; C ¼ 0:077F3dG
1:0þ0:347F4ðG=1356Þn

; Pout in MPa

PRÞ� þ 0:917
�
; F2 ¼ 1:309F1

P1:316
R

exp½2:444ð1:0�PRÞ�þ0:309

� PRÞ� þ 0:667
�
; F4 ¼ F3P 1:649

R

1
1þ0:0031L=d

0:433 ðL=dÞ0:27
1þ0:0031L=d

0:173 1
1þ0:28We0:233ðL=dÞ

0:433 ðL=dÞ0:27
1þ0:0031L=d

C ¼ 0:25þ 0:0009 L
d � 50
� �

for 506 L
d 6 150

; K3 ¼ 1:12ð1:52We�0:233þd=LÞ
ðqg=qf Þ0:6We�0:173

q00p;m01

< q00p;m03, q
00
p;m0 ¼ q00p;m02; if q

00
p;m02 > q00p;m03, q

00
p;m0 ¼ q00p;m03

n K1 < K2, K ¼ K2

q00p;m01
> q00p;m04, q

00
p;m0 ¼ q00p;m05; if q

00
p;m05 < q00p;m04, q

00
p;m0 ¼ q00p;m04

n K1 < K2, if K2 < K3, K ¼ K2; if K2 > K3, K ¼ K3



Fig. 7. Comparison of CHF data for water and R-113 in single

circular mini-channels with predictions of circular channel

correlations of (a) Bowring [34,35] and (b) Katto and

Ohno [36].

Fig. 8. Comparison of CHF data for water and R-113 in mini/

micro-channel heat sinks with predictions of circular channel

correlations of (a) Bowring [34,35] and (b) Katto and Ohno

[36].
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is employed to replace channel diameter d in the two

correlations. Fig. 8(a) and (b) show both correlations

overpredict the present CHF data by a large margin.

This large deviation may be attributed to the afore-

mentioned pre-CHF amplification of the parallel chan-

nel instability as well as the rectangular shape of the

present micro-channels. Also shown in Fig. 8(a) and (b)

are comparisons of the predictions of the two correla-

tions with the saturated CHF data for R-113 in mini/

micro-channel heat sinks measured earlier by Bowers

and Mudawar [15]. The correlations generally under-

predict the R-113 data as well, even though many data

points are located within a ±40% error band.

Published work on saturated CHF in rectangular

channels is far more limited than that in circular. Table 6

summarizes four correlations that were developed from

saturated CHF in single rectangular channels. Com-

parisons between correlation predictions and the present

CHF data in the rectangular micro-channel heat sink are

shown in Fig. 9(a)–(d). Among the four correlations

tested, the correlation by Sudo et al. [39] shows the best
agreement (MAE of 19.8%) with the data. However, a

close examination of the same correlation, Table 6,

shows it relates CHF to mass velocity and thermo-

physical properties of the coolant, but none of the

channel geometrical parameters. Since saturated flow

boiling CHF is affected by both channel length L and

heated equivalent diameter de [20], the seemingly accu-

rate predictions of this correlation are not sufficient to

justify its use for heat sink design.

The above assessment of prior correlations points to

the need for developing a new correlation that is spe-

cifically tailored to mini/micro-channel heat sinks that

contain multiple, parallel channels.

3.5. New CHF correlation

A new CHF correlation is developed based on the

present CHF data for water in the rectangular micro-

channel heat sink, as well as Bowers and Mudawar’s

CHF data for R-113 in the circular mini/micro-

channel heat sinks. Drastic differences between the



Fig. 9. Comparison of CHF data for water in present rectangular micro-channel heat sink with predictions of rectangular channel

correlations of (a) Katto [37], (b) Mishima and Ishii [38], (c) Sudo et al. [39], and (d) Oh and Englert [40].
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thermophysical properties of water and R-113, Table 7,

as well as the differences in both channel shape, channel

diameter, and L=d ratio are all especially useful in

developing a correlation with a broad application appeal

based on these two CHF databases. The new CHF cor-

relation adopts the functional form of the Katto and

Ohno correlation [36]. As shown in Table 5, the Katto

and Ohno correlation for zero inlet subcooling is given by

q00p;m0
Ghfg

¼ f
qg

qf

;We;
L
de

� �
; ð9Þ

where We is the Weber number based on the channel

heated length L,

We ¼ G2L
rqf

: ð10Þ

Assuming CHF increases linearly with increasing inlet

subcooling yields
q00p;m ¼ q00p;m0 1

	
þ K

Dhsub;in
hfg



: ð11Þ

Since CHF for both mini/micro-channel heat sink da-

tabases shows no dependence on inlet subcooling, these

databases are correlated according to Eq. (9), i.e. with-

out the subcooling multiplier.

q00p;m
Ghfg

¼ 33:43
qg

qf

	 
1:11

We�0:21 L
de

	 
�0:36

; ð12Þ

where de should be set equal to d for circular mini/micro-

channel heat sinks.

Fig. 10 compares the predictions of this new CHF

correlation with the flow boiling CHF data for both

water in the present rectangular micro-channel heat sink

and R-113 in the Bowers and Mudawar circular mini/

micro-channel heat sinks. The overall MAE of 4%



Table 7

Thermophysical properties of saturated water and saturated R-113 at one atmosphere

Properties Water R-113

Saturation temperature, Tsat (�C) 100.0 47.6

Density of liquid, qf (kg/m
3) 957.9 1507.3

Density of vapor, qg (kg/m3) 0.60 7.48

Latent heat of vaporization, hfg (kJ/kg) 2257 158

Surface tension, r (N/m) 0.0589 0.0147

Liquid specific heat at constant pressure, cp (kJ/kgK) 4.217 0.922

Thermal conductivity of liquid, kf (W/mK) 0.68 0.07

Fig. 10. Comparison of CHF data for water and R-113 in mini/

micro-channel heat sinks with predictions of present correlation.

Table 6

Correlations for saturated flow boiling CHF in single rectangular channels

Reference

[37] q00p;m ¼ q00p;m0 1:0þ K Dhsub;in
hfg

� �
q00p;m01 ¼ 0:25ðGhfgÞ 1

L=de
; q00p;m02 ¼ CðGhfgÞWe�0:043 1

L=de

q00p;m03 ¼ 0:15ðGhfgÞ
qg
qf

� �0:133

We�1=3 1
1þ0:0077L=de

q00p;m04 ¼ 0:26ðGhfgÞ
qg
qf

� �0:133

We�0:433 ðL=deÞ0:171
1þ0:0077L=de

C ¼ 0:25 for L
de
< 50; C ¼ 0:34 for L

de
> 50

K1 ¼ 1; K2 ¼ 0:261
CWe�0:043; K3 ¼ 0:556ð0:0308þde=LÞ

ðqg=qf Þ0:133We�1=3

When q00p;m01 < q00p;m02, q
00
p;m0 ¼ q00p;m01, K ¼ K1

When q00p;m01 > q00p;m02, if q
00
p;m02 < q00p;m03, q

00
p;m0 ¼ q00p;m02, K ¼ K2

if q00m02 > q00m03, if q
00
p;m03 < q00p;m04, q

00
p;m0 ¼ q00p;m03, K ¼ K3

if q00p;m03 > q00p;m04, q
00
p;m0 ¼ q00p;m04

[38] q00p;m ¼ Ach

Ah
hfg

GDhsub;in
hfg

þ 1
C0
� 0:11

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qggðqf � qgÞde

qh i

C0 ¼ 1:35� 0:35
ffiffiffiffi
qg
qf

q

[39] q00p;m ¼ 0:005hfgG0:611½kqggðqf � qgÞ�
0:195

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ðqf�qgÞg

q
[40] q00p;m ¼ Ach

Ah
hfg 0:458G 1:0� Dhsub;in

hfg

� �
þ 2:412

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqggðqf � qgÞ

qh i
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clearly demonstrates its excellent predictive capability

for different fluids, circumferential heating condi-
tions, channel geometries, channel sizes, and length-to-

diameter ratios.
4. Conclusions

In this study, experiments were performed to measure

CHF for water flow boiling in a rectangular micro-

channel heat sink. Previous empirical CHF correlations

were examined for suitability to predicting saturated

CHF in single mini-channels as well as in mini/micro-

channel heat sinks. A new empirical correlation was

developed for CHF in two-phase mini/micro-channel

heat sinks. Key findings from the study are as follows:

(1) The mild parallel channel instability intrinsic to mi-

cro-channel heat sink with multiple, parallel chan-

nels is greatly amplified as heat flux approaches

CHF. This causes the vapor to flow backwards into
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the inlet plenum, mix with the incoming liquid, and

increase the liquid temperature to the local saturation

temperature as the liquid enters the micro-channels.

(2) CHF in mini/micro-channel heat sinks increases

with increasing mass velocity but, because of the loss

of subcooling due to the backward vapor flow, CHF

is virtually independent of inlet temperature. This is

a fundamental departure of mini/micro-channel heat

sink behavior from that of single mini-channels.

(3) The Katto and Ohno correlation [36] is fairly accu-

rate at predicting saturated CHF in single circular

mini-channels.

(4) Two widely used circular channel CHF correlations

and four rectangular channel CHF correlations were

tested relative to the present rectangular micro-

channel heat sink data. A correlation by Sudo

et al. [39] for CHF in single rectangular channels

showed the best agreement with the experimental

data. However, this correlation is not recommended

for heat sink design because of its failure to account

for channel length or diameter.

(5) A new empirical correlation is proposed based on

experimental flow boiling CHF data for water and

R-113 in multiple-channel mini/micro-channel heat

sinks. The overall MAE of this correlation of 4%

demonstrates its excellent predictive capability for

different fluids, circumferential heating conditions,

channel geometries, channel sizes, and length-to-

diameter ratios.
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