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Abstract

How the jet-to-disk separation distance H affects various aspects of the laminar mixed convective vortex flow result-

ing from a low speed air jet impinging onto a heated horizontal disk confined in a vertical adiabatic cylindrical chamber

is explored herein by flow visualization combined with temperature measurement. In the present study the air flow rate

is varied from 1.0 to 8.0slpm (standard liter per minute) for two different injection pipes with the temperature difference

between the heated disk and air injected into the chamber varied from 0 to 25.0 �C at four jet-to-disk separation dis-
tances. The corresponding jet Reynolds and Rayleigh numbers, respectively, range from 0 to 1082 and from 0 to

63,420. The experimental results clearly reveal a new vortex roll. More specifically, in the upper range of the jet Reyn-

olds number tested here a small tertiary inertia-driven circular vortex roll appears near the upper wall of the chamber, in

addition to the previously known primary and secondary inertia-driven rolls. Besides, we also note that a reduction in

the jet-to-disk separation distance causes a delayed onset of the inertia-driven rolls except for H = 20.0mm and in the

meantime causes a substantial decrease in the Rayleigh number since Ra / H3, which in turn significantly reduces the

size and strength of the buoyancy-driven roll. Moreover, the inertia-driven rolls are bigger for a larger H. At the largest

H (=30.0mm) tested here both the primary inertia-driven roll and buoyancy-driven roll are relatively large and they can

contact with each other. Hence no space is available for the secondary inertia-driven roll to appear. Our data also sug-

gest that the onset of the buoyancy roll takes place when the local buoyancy-to-inertia ratio at the edge of the disk

Gr=Re2we � 33:0 within the experimental uncertainty. Finally, the temperature data indicate that the steady radial air
temperature distributions are non-monotonic which mainly reflects the counter-rotating vortex flow structure of the pri-

mary inertia-driven and buoyancy-driven rolls.
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1. Introduction

Fluid flow and heat transfer associated with jets

impinging onto heated surfaces have been extensively

studied over the past due to their superior heat removal

capability. The results [1] have been applied to improve

the drying of textiles and paper, annealing of glass,
ed.
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Nomenclature

Dj jet diameter at the injection pipe exit (mm)

G gravitational acceleration (m/s2)

Gr Grashof number, gbDTH3/m2

Gr=Re2j critical buoyancy-to-inertia ratio for the

onset of buoyancy induced roll

H distance between the exit of injection pipe

and heated plate (mm)

Qj jet flow rate (standard liter per minute,

slpm)

rs the center of the location of secondary iner-

tia-driven roll (mm)

r, h, z dimensional cylindrical coordinates

R, H, Z dimensionless cylindrical coordinates, r/RC,

h, z/H
RC radius of processing chamber (mm)

Ra Rayleigh number, gbDTH3/am
Rej jet Reynolds number, V jDj=m
Rew local Reynolds number in the wall-jet

region, uH=m
Rewe local Reynolds number in the wall-jet region

at the edge of heated disk

SI size of primary inertia-driven roll in radial

direction (mm)

SO size of buoyancy-driven roll in axial direc-

tion (mm)

Tf temperature of the heated disk (�C)
Tj temperature of jet at the injection pipe exit

(�C)
u average radial velocity of the flow at wall-jet

region (m/s), (RejDjm)/(8rH)
V j average axial velocity of the air jet at the

injection pipe exit (m/s)

Greek symbols

a thermal diffusivity (cm2/s)

b thermal expansion coefficient (1/K)

DT temperature difference between the heated

disk and the injected air (�C)
m kinematic viscosity (cm2/s)

U non-dimensional temperature, (T � Tj)/
(Tf � Tj)
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cooling of gas turbine components and microelectronic

equipments, freezing of tissue in cryosurgery, etc. In

these applications high speed jets are normally employed

and the resulting flow is forced convection dominated

with negligible buoyancy effects. Some vortex flow dri-

ven by the jet inertia due to the jet entrainment has been

observed. However, for application such as the growth

of thin crystal films from the chemical vapor deposition

(CVD) processes [2–4], the radial uniformity of heat and

mass transfer rate on the heated surfaces is of major con-

cern and the jets no longer move at high speeds. Thus

the buoyancy effects in the flow cannot be ignored. Be-

sides, the flow needs to be stable and contain no vortices.

The interest in the impinging jet confined in a chamber

accelerates recently because the presence of the flow

recirculation in the processing chamber is detrimental

to the film properties. In an attempt to examine the flow

recirculation in an impinging gas jet we recently visual-

ized the vortex flow in a model processing chamber with

a fixed jet-to-plate separation distance H = 20.0mm [5]

and found that the flow was dominated by the circular

vortex rolls driven by the jet inertia and buoyancy force.

More specifically, two circular rolls are often driven by

the jet inertia which is designated as the primary and sec-

ondary inertia-driven rolls. Moreover, the buoyancy

force induces a circular roll near the chamber side. In

this study we move further to investigate the effects of

the jet-to-disk separation distance on various character-

istics of the vortex flow in a low speed mixed convective
gas jet impinging onto a heated plate. Particularly, the

critical conditions for the onset of and the steady-un-

steady transition of the inertia and buoyancy-driven

rolls and the steady vortex flow characteristics affected

by the jet-to-disk separation distance will be delineated.

Besides, the possible presence of the tertiary inertia-dri-

ven rolls will be explored.

Considerable amount of work has been carried out in

the past to study the fluid flow and heat transfer in the

round or slot jet impinging onto a large horizontal plate

without any confinement. Most of the studies focused on

quantifying the highly efficient heat transfer associated

with the high speed impinging jets. For instances, heat

or mass transfer in the impinging jets over a large plate

was experimentally investigated by Scholtz and Trass

[6], Sparrow and Wong [7], Masliyah and Nguyen [8],

and Hrycak [9]. The laminar impinging jets with an

upper plate confinement were numerically predicted by

Saad et al. [10] and Law and Masliyah [11]. A pair of

big flow recirculations around the jet axis were noted

to be induced by a confinement plate above the target

plate [12,13]. The characteristics of the recirculations

were found to be determined by the jet Reynolds num-

ber Rej and nozzle-to-plate spacing H [14,15]. Their

numerical results revealed that the center of the flow

recirculation moved away from the jet axis at increasing

H. Moreover, the secondary flow in a confined imping-

ing jet consists of a large recirculation vortex around

the jet axis and a comparatively smaller adjacent second-
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ary vortex right above the impinging plate (Law and

Masliyah [11,16]). More recently, for a confined laminar

impinging jet (Rej < 1000) the critical jet Reynolds num-

ber for the onset of unsteady flow was numerically

shown to be between 585 and 610 [17]. The unsteady

jet was characterized by a dominant frequency corre-

sponding to the formation of shear layer vortices at

the jet exit. More complete information on the imping-

ing jets can be found from the critical reviews conducted

by Viskanta [18] and Jambunathan et al. [19].

In the impinging jet flow confined in a chamber

encountered in the CVD, the gases input to the CVD

chamber are at relatively low flow rates and the wafer

upon which thin crystal films are grown and processed

is at an elevated temperature with the Reynolds and

Rayleigh numbers, respectively, ranging from 1.0 to

100 and from 0 to 105 [4]. Under such circumstance

the buoyancy in the flow is no longer small compared

with the jet inertia. Significant flow recirculation can

be induced by the combined effects of the inertia and

buoyancy. The importance of the buoyancy on the recir-

culating flow in a vertical CVD reactor was demon-

strated by Wahl [20]. Similar investigations have been

carried out for various types of CVD reactors including

the metal organic CVD [21–23]. In these studies for the

processing of the microelectronic circuits [20–23] various

vortex flow patterns were reported in the jet impinging

flow. Buoyancy induced symmetry breaking of the jet

flow was also noted [23].

The above literature review clearly reveals that how

the jet-to-disk separation distance affects the detailed

vortex flow characteristics in a mixed convective low

speed gas jet impinging onto a heated plate in a confined

chamber in which both inertia and buoyancy-driven

flow recirculations are significant remains poorly under-

stood. An experiment combining flow visualization and

temperature measurement is conducted here to investi-

gate the effects of the jet-to-disk separation distance on

various aspects of the low speed impinging jet flow.
2. Experimental apparatus and procedures

In order to conduct the experiment at reasonably low

cost, we use air as the working fluid in the present exper-

iment to replace the inert gases normally employed in

real CVD processes. In view of the similar thermody-

namic and thermophysical properties for various gases,

the results obtained here are still applicable to the

CVD system. The experimental system established in

our previous study [5] is employed here to investigate

the effects of the jet-to-plate distance on the vortex flow

characteristics associated with a round jet impinging ver-

tically downwards onto a circular heated horizontal disk

confined in a vertical cylindrical chamber. Schematics of

the experimental system and test section are, respec-
tively, shown in Figs. 1 and 2. The system consists of

four major parts the processing chamber, temperature

measurement and data acquisition unit, heating unit,

and gas injection unit. The major parts are briefly de-

scribed in the following.

The processing chamber is made of 6.0-mm thick

quartz glass to allow for the observation of the vortex

flow in it. The chamber is cylindrical and has a diameter

of 291.0mm and the height of the cylindrical chamber is

200.0mm. To facilitate the flow visualization, the cham-

ber top is made of an acrylic plate. Air is injected verti-

cally downward from a long straight circular pipe into

the cylindrical chamber along the axis of the chamber

and impinges directly onto the heated disk. The air first

flows over the heated disk, then moves through the

annular section of the chamber, and finally leaves the

chamber via twenty circular outlets of 12.7mm in dia-

meter opened at the bottom of chamber. The chamber

is sealed to prevent any gas leakage. The top, bottom

and side walls of the chamber are thermally well insu-

lated to reduce the heat loss from the processing cham-

ber to the ambient by covering the entire chamber with a

superlon insulator of 100.0-mm thick. The insulator can

be opened during the flow visualization.

The heating unit is designed to maintain the circular

disk at the preset uniform temperature during the exper-

iment. It is composed of a 25.0-mm thick high purity cir-

cular copper plate of 8 in. in diameter, acting as the disk.

The heater attached onto the back side of the copper

plate is divided into three concentric zones. Each zone

is independently heated by a D.C. power supply with

D.C. current passing through the nickel coil placed on

a stainless steel base. To reduce the heat loss from the

sidewall of the copper plate and stainless steel base,

the lateral surface of the entire heating unit is wrapped

with a 16-mm thick thermal insulation layer of superlon.

Care is taken to insure that the outside surface of the

insulation layer is smooth and cylindrical. The entire

heating unit is then placed on a Teflon plate. A proper

control of the voltage from each power supply allows

us to maintain the copper plate at a nearly uniform tem-

perature. The measured data indicate that the uncer-

tainty in maintaining the copper plate temperature is

±0.1 �C. No bias in the plate temperature is noted and
the temperature non-uniformity is spatially random.

The gas injection unit consists of a 2HP air compres-

sor, a flow meter, a smoke generator, filters, pressure

regulator, and connection and injection pipes. In the

experiments, air is drawn from the ambient by the com-

pressor and sent into a 300-l and 100-psi high-pressure

air tank and is filtered to remove moisture and tiny par-

ticles. The installation of the high-pressure air tank in-

tends to suppress the fluctuation of the air flow and

extends the life of the compressor. Then, the air is mixed

with smoke tracers in the smoke generator and regulated

by the pressure regulator, and is later injected into the
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processing chamber through the straight circular injec-

tion pipe which is coaxial with the processing chamber.

The downward vertical air jet issuing from the pipe exit

impinges directly onto the heated plate. In the present

study, two injection pipes with diameter 10.0mm and

22.1mm are tested and the straight portions of the pipes
are both 600.0mm long. This length of the injection

pipes is selected to ensure that they are long enough

for the flow to become fully developed in the pipes.

The separation distance between the exit of the injection

pipe and the heated disk is chosen to be 10.0, 15.0, 20.0

and 30.0mm. The air temperature at 600.0mm upstream
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of the exit of the injection pipe is measured by a cor-

rected and calibrated T-type thermocouple. The meas-

ured value is considered as the temperature of the air

injected into the processing chamber since the whole

injection pipe is thermally well insulated by a 16.0mm

layer of superlon insulation.

A smoke-tracer flow visualization technique is em-

ployed to observe the flow patterns in the cylindrical

chamber. The gas flow pattern is illuminated by the ver-

tical and horizontal plane light sheets produced by pass-

ing parallel light sheets from an overhead projector

through adjustable knife edges. The experimental system

is located in a darkroom to improve the contrast of the
flow photos. The time variations of the flow pattern dur-

ing the entire transient stage from the top and side views

are recorded by the Sony digital video camera DCR-

PC100. The recorded images are later examined care-

fully in a personal computer. The air temperature in

the processing chamber is measured by inserting a small

thermocouple probe into the chamber through small

holes of 1.0mm in diameter opened at the top of the

chamber. The probe is an OMEGA (model HYPO) mini

hypodermic extremely small T-type thermocouple im-

planted in a 1 in. long stainless steel hypodermic needle.

For each case the experiment starts with the air at the

room temperature compressed first into the smoke



Table 1

Critical condition for appearance of the inertia-driven vortex

rolls (DT = 0 �C)

Vortex Roll Separation

distance

(H, mm)

Jet

diameter

(Dj, mm)

Flow

rate

(Qj, slpm)

Gr Rej
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generator through the connection pipe and then injected

into the processing chamber. The air moves over the

heated disk and finally leaves the chamber through the

outlets at the bottom of the chamber. In the meantime

the temperature of the disk and the air flow rate are con-

trolled at the preset levels. As the mixed convective air

flow in the processing chamber reaches steady or statis-

tically stable state, we begin to visualize the vortex flow

pattern in the chamber.

Uncertainties in the Rayleigh number, Reynolds

number and other independent parameters are calcu-

lated according to the standard procedures established

by Kline and McClintock [24]. The uncertainties of the

thermophysical properties of the air are also included

in the analysis. The properties of the working fluid

(air) are a = 0.22 (cm2/s), b = 0.0034 (1/K), m = 0.16
(cm2/s) and Pr = 0.72 at 30 �C and 1.0bar. In addition,
the uncertainties of the control unsteadiness and temper-

ature non-uniformity are accounted for in the evaluation

of the data uncertainty. The analysis shows that the

uncertainties of temperature, volume flow rate, dimen-

sions, Reynolds number and Rayleigh number measure-

ments are estimated to be less than ±0.2 �C, ±2%,
±0.05mm, 2.3% and 8.6%, respectively.

To validate our experimental setup, the flow ob-

served in the processing chamber for the limiting case

when the disk is unheated (Ra = 0) is compared with

the numerical results from Law and Masliyah [11] for

the impinging jet flow with top plate confinement but

without the sidewall confinement. It is noted that in

the region surrounding the jet axis the resulting vortex

flow from our flow visualization is nearly the same as

their numerical prediction. Thus, the experimental sys-

tem established here is considered to be suitable for

the present study.

Primary

inertia-

driven roll

30.0 22.1 0.25 0 15

20.0 22.1 0.25 0 15

15.0 22.1 0.3 0 18

10.0 22.1 0.7 0 43

Secondary

inertia-

driven roll

30.0 10.0 0.8 0 108

22.1 3.3 0 202

20.0 10.0 1.3 0 180

22.1 3.6 0 220

15.0 10.0 1.7 0 230

22.1 4.9 0 300

10.0 10.0 1.8 0 245

22.1 7.0 0 430

Tertiary

inertia-

driven roll

30.0 10.0 5 0 676

20.0 10.0 5 0 676

15.0 10.0 5.5 0 744

10.0 10.0 7 0 947
3. Results and discussion

In the present experiment two injection pipes of

diameter Dj = 10.0 and 22.1mm are used. The jet flow

rate Qj and jet-to-disk temperature difference DT are,
respectively, varied from 1.0 to 8.0 standard liter per

minute (slpm) and from 0 to 25.0 �C with the jet-to-disk
separation distance H varied from 10.0 to 30.0mm. The

corresponding jet Reynolds number Rejð¼ V jDj=m ¼
4Qj=pmDjÞ ranges from 61 to 1082 and Rayleigh number
Ra (=gbDTH3/am) from 0 to 63,420. The associated Gra-
shof number Gr (=Ra/Pr) ranges from 0 to 88,080. In

addition, the local Reynolds number and average radial

velocity of the flow in the wall-jet region are, respec-

tively, defined as

Rew ¼ �uH=m ð1Þ
and

�u ¼ Qj=2prH ¼ RejDjm=ð8rHÞ ð2Þ
Hence Rew can be rewritten as

Rew ¼ Rej � Dj=8r ð3Þ

Selected results from our flow visualization and

measured air temperature are presented in the following

to illustrate the effects of the jet-to-disk separation dis-

tance on various aspects of the vortex flow characteris-

tics in the chamber.

3.1. Onset of the vortex rolls

At first, the effects of the jet-to-disk separation dis-

tance on the critical conditions for the appearance of

the inertia and buoyancy-driven vortex rolls are exam-

ined. The critical Rej for the onset of the inertia-driven

rolls is located by directly visualizing the flow at

which the rolls start to appear for an unheated disk

(DT = 0 �C) at various H. The procedures were detailed
in the earlier study [5]. Some flow photos near the criti-

cal condition for the onset of the primary and secondary

inertia-driven rolls for H = 20.0mm are already given

there. Note that the lowest jet flow rate which can be

accurately resolved in the present experimental appara-

tus is 0.1slpm. Even at this small Qj the primary iner-

tia-driven roll is already seen in the chamber for all H

with the jet issued from the small injection pipe
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(Dj = 10.0mm). For the large injection pipe

(Dj = 22.1mm) the critical Rej for the onset of the pri-

mary inertia-driven roll is somewhat higher and thus

can be located here. The present data are summarized

in Table 1 for the onset of the primary and secondary

inertia-driven rolls at various jet-to-disk separation

distances. Besides, the onset conditions of the tertiary

inertia-driven roll are also given in the table. The char-

acteristics of the tertiary roll will be inspected later.

The results given in Table 1 indicate that at given Dj
the critical jet Reynolds numbers for the onset of the pri-

mary, secondary and tertiary inertia-driven rolls increase

when the jet-to-disk separation distance is reduced from

20.0mm to 10.0mm. However, it is of interest to note

that the critical Rej does not experience any change

when H is reduced from 30.0 to 20.0mm for the primary
Fig. 3. Steady side view flow photos taken at the cross plane h = 0�
Ra = 0 and Dj = 10.0mm for (a) H = 20.0mm, (b) H = 15.0mm and
and tertiary rolls. The increase of the critical Rej at

decreasing H is conjectured to mainly result from the

more significant retarding of the jet by the disk at a

smaller H, which, in turn, yields a higher viscous damp-

ing effect on the impinging jet and a higher Rej is needed

to induce the flow recirculations. We also note that at

somewhat higher Rej a tertiary roll can appear in the

chamber for Dj = 10.0 mm. For Dj = 22.1mm the range

of the jet Reynolds number covered in the present study

is not high enough to induce a tertiary roll.

The inertia-driven steady tertiary flow is illustrated in

Fig. 3 by showing the steady side view flow photos taken

at the cross plane h = 0� for slightly supercritical jet
Reynolds numbers at various jet-to-disk separation dis-

tances for Dj = 10.0mm. Since the steady flow is axisym-

metric, only the results in the half plane are shown. The
for various Rej to illustrate the tertiary inertia-driven roll with

(c) H = 10.0mm.



Table 2

Critical condition for onset of time-dependent flow for

unheated disk and Dj = 10.0mm

H (mm) Dj (mm) DT (�C) Qj (slpm) Rej Flow field

30.0 10.0 0 5.8 784 Steady

30.0 10.0 0 5.9 798 Unsteady

20.0 10.0 0 5.8 784 Steady

20.0 10.0 0 5.9 798 Unsteady

15.0 10.0 0 6.1 825 Steady

15.0 10.0 0 6.2 839 Unsteady

10.0 10.0 0 7.6 1028 Steady

10.0 10.0 0 7.7 1041 Unsteady
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results in Fig. 3 manifest that the tertiary roll is small

and appears in the region near the chamber top adjacent

to the primary inertia-driven roll. As the primary and

secondary rolls, the tertiary roll is smaller at the smaller

jet-to-disk separation distance. This simply reflects the

fact that at a smaller H the available space in the

processing chamber for the rolls to develop is less. Note

that at H = 10.0mm the tertiary roll is rather small. Be-

sides, the tertiary roll grows slightly in size and in vortex

intensity with the jet Reynolds number. At the larger jet-

to-disk separation distance for H = 20.0mm the growth

of the tertiary roll with Rej is slightly larger, as evident

from the results in Fig. 3(a). Moreover, the tertiary roll

becomes smaller and weaker for an increase in Ra. A

close inspection of the successive side view flow photos

stored in the video tapes during the transient stage for

the formation of the inertia-driven rolls reveals that at

increasing Rej the primary roll gets larger and stronger.

At certain high Rej the primary roll is strong enough to

induce a tertiary roll through the viscous shearing of the

stagnant flow around the primary roll.

As we continue to increase the jet Reynolds number

slightly beyond the critical Rej for the onset of the terti-

ary roll, the flow in the processing chamber does not

reach any steady state at long time. Instead, the flow be-

comes time dependent and experiences a transition from

steady to unsteady states. Obviously, this transition is

driven by the jet inertia since DT = 0 �C. The present
data for the inertia-driven steady-to-unsteady transition

are summarized in Table 2 for Dj = 10.0mm. The results

indicate that the critical Rej for this flow transition in-

creases when the jet-to-disk separation distance is short-

ened, similar to those for onset of the inertia-driven

rolls.

When the disk is heated, our flow visualization fur-

ther shows that for given Dj, DT and H the buoyancy-
driven roll begins to appear in the region near the heated
Table 3

Critical condition for onset of the buoyancy-driven vortex roll

Jet diameter (Dj, mm) Separation distance (H, mm) Gr

10.0 20.0 3340

4200

5220

15.0 1321

2202

10.0 1304

1957

22.1 20.0 3340

4200

5220

15.0 1321

2202

10.0 1304

1957
disk edge as Rej is below certain critical level for a given

Ra. This critical condition is considered to be reached as

long as we can barely see the buoyancy-driven roll in the

video films recording the images of the vortex rolls [5].

Table 3 summarizes the critical condition for the onset

of the buoyancy-driven roll based on the present data.

The data indicate that for given Dj and H the critical

Rej for the onset of the buoyancy-driven roll is higher

for a higher Gr. It should be mentioned that how the

onset condition of the buoyancy roll is affected by the

jet-to-disk separation distance is reflected in the Grashof

number since Gr is proportional to H3. Note that the

critical buoyancy-to-inertia ratio Gr=Re2j for the onset
of the buoyancy roll is nearly constant for a given Dj,

irrespective of the jet-to-disk separation distance. For

Dj = 10.0 and 22.1mm the critical ratio Gr=Re2j is nearly
equal to 0.0045 and 0.021, respectively. It is also noted

that the onset of the buoyancy-driven roll occurs when

the wall-jet flow in the radial direction is reversed by

the upward buoyancy associated with the heated disk

and hence the onset should be mainly determined by

the local flow condition characterized by the local Reyn-

olds number of the wall-jet flow Rew and the Grashof
Rej Gr=Re2j Gr=Re2we Deviation (%)

879 0.0043 32.3 2.2

947 0.0047 35.0 5.9

1082 0.0045 33.3 0.8

541 0.0045 33.7 2.0

676 0.0048 36.0 9.0

541 0.0044 33.3 0.8

676 0.0043 32.0 3.1

398 0.021 32.2 2.5

459 0.020 30.5 7.7

520 0.019 29.5 10.7

245 0.022 33.7 2.0

306 0.024 35.9 8.7

245 0.022 33.2 0.5

306 0.021 31.9 3.4
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number Gr. Besides, the onset is most likely to take place

near the outer edge of the disk. This is indeed the case

[5]. Therefore, the onset condition is expected to depend

primarily on the local buoyancy-to-inertia ratio Gr=Re2w.
The data given in Table 3 do show that the buoyancy

roll begins to appear when the local buoyancy-to-inertia

ratio at the edge of the disk Gr=Re2we is around 33.0 for
all Dj and H considered.

3.2. Characteristics of steady vortex rolls

According to the definitions of Rej and Ra, the jet

Reynolds number is independent of H but the Rayleigh

number depends on H3. Thus a change in the jet-to-disk

separation distance is expected to exert profound influ-
Fig. 4. Steady side view flow photos taken at the cross plane h = 0�
Rej = 541 and Dj = 10.0mm and (c) Rej = 245 and Dj = 22.1mm.
ences on the buoyancy-driven vortex roll at supercritical

Ra. Besides, it is of interest to inquire whether we can

ignore the effects of H on the vortex flow driven by the

jet inertia force. To illustrate the effects of the jet-to-disk

separation distance on the steady vortex flow, Figs. 4–6

show steady side view flow photos taken at the cross plane

h = 0� and 180� for various H at selected Qj and DT for
both injection pipes. First, we note that for the unheated

disk with DT = 0�C and at the same Dj and Qj both the
primary and the secondary inertia-driven rolls are signif-

icantly bigger for an increase in H (Fig. 4). The above re-

sults manifest that the jet-to-disk separation distance

produces noticeable effects on the inertia-driven vortex

flow and cannot be neglected. Additionally, for every H

we have another circular vortex roll in the corner region
and 180� for Ra = 0 with (a) Rej = 270 and Dj = 10.0mm, (b)



Fig. 5. Steady side view flow photos taken at the cross plane h = 0� and 180� at various H with Qj = 2.0slpm for (a) DT = 20.0�C and
Rej = 270 and (b) DT = 25.0�C and Rej = 122.
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of the chamber except the primary and the secondary

inertia-driven vortex rolls. This additional roll is not in-

duced by the buoyancy because the disk is unheated

and no buoyancy is present in the flow. In fact, this roll

emerges from the deflection of the flow from the wall-jet

by the chamber side and it is bigger at a higher jet-to-disk

separation distance for Dj = 10.0mm. However, the size

change of the corner roll with the variation in Rej is much

smaller. Moreover, for large injection pipe (Dj = 22.1mm)

the corner roll is small and is insignificantly affected by

the jet-to-disk separation distance (Fig. 4(c)).

Next, the effects of the jet-to-disk separation distance

on the buoyancy-driven roll are exemplified in Fig. 5

by showing the steady side view flow photos for

Qj = 2.0slpm and DT = 20.0 �C and 25.0 �C at various
H. The results clearly indicate that the buoyancy-driven

vortex roll which dominates in outer region of the

processing chamber is much bigger for a larger H. This

large increase in the size of the buoyancy-driven roll with

the jet-to-disk separation distance is due to the large in-

crease in Ra associated with a small increase in H since

Ra is proportional to H3, as mentioned above. It is of

interest to note that at the largest H (=30.0mm) tested
here the radial extent of the buoyancy-driven roll is so

large and it directly contacts with the primary inertia-dri-

ven roll. Thus, no space is available for the secondary

inertia-driven roll to emerge. Only two circular vortex

rolls appear in the chamber for H = 30.0mm.

Then, how the jet-to-disk temperature difference DT
affects the steady vortex flow patterns induced in the

chamber is presented in Fig. 6 for various jet-to-disk

separation distances. The results in Fig. 6(a) and (b)

indicate that at the smallH of 10.0 and 15.0mm the iner-

tia- and buoyancy-driven rolls are widely separated in

the radial direction from each other since they are all rel-

atively small. At this small H an increase in DT still
causes the buoyancy roll to become bigger and stronger.

But the inertia rolls are insensitive to the change in DT.
Now as H is increased to 20.0mm, the size growth of the

primary inertia-driven roll with DT is clearly seen (Fig. 6
(c)). Meanwhile, the growth of the buoyancy roll with

DT weakens the secondary inertia-driven roll. In fact,
at DT = 25.0 �C the secondary inertia-driven roll does
not exist in the chamber. It is worth to note from Fig.

6(d) that at an even larger H of 30.0mm the size growth

of the buoyancy roll with DT results in the accompany-



Fig. 6. Steady side view flow photos taken at the cross plane h = 0� and 180� for various DT for Dj = 10.0mm and Qj = 3.0slpm
(Rej = 406) with (a) H = 10.0mm, (b) H = 15.0mm, (c) H = 20.0mm and (d) H = 30.0mm.

J.C. Hsieh, T.F. Lin / International Journal of Heat and Mass Transfer 48 (2005) 511–525 521
ing slight decay of the primary inertia-driven roll since it

is squeezed by the buoyancy-driven roll.

To reveal the complete picture of the vortex flow

structure, the top view flow photos taken at the middle

horizontal plane right between the chamber top and

heated disk at Z = 0.5 for various jet-to-disk separation

distances at given DT are presented in Fig. 7. The results
clearly show the circular structure of the rolls and the

primary inertia-driven roll grows in size when the jet-

to-disk separation distance increases from 10.0 to

30.0mm. Moreover, the secondary inertia-driven roll is

distinctly observed in Fig. 7(c). In fact, for Dj = 10.0mm

and Ra = 0 the secondary inertia-driven roll appears in

the processing chamber for various H at Rej > 270.

However, at small H of 10.0mm the secondary inertia-

driven roll can not be seen from the top view flow photo

since the roll is relatively small and its height does not

exceed the middle horizontal plane. Besides, we also
note that the buoyancy-driven roll dominated in the

outer region of the processing chamber increases in size

with the jet-to-disk separation distance.

3.3. Size and location of the vortex rolls

To quantify the steady vortex flow characteristics we

measure the maximum radial extent of the primary iner-

tia-driven roll SI, the maximum height of the outer

buoyancy-driven roll SO, and the radial location of the

center of the secondary inertia-driven roll rs from the

steady side view flow photos. The results clearly indicate

that for both injection pipes and for H 6 20.0mm SI in-

creases almost linearly with the jet Reynolds number for

a given Ra. However, SO decreases with an increase in

Rej. A close inspection of the data reveals that at

the small H of 10.0mm the increase of SI with Rej is

substantially larger. To facilitate the flow design in the



Fig. 7. Steady top view flow photos taken at the middle horizontal plane between the chamber top and heated disk with Qj = 3.0slpm

(Rej = 406 for Dj = 10.0mm and Rej = 184 for Dj = 22.1mm) for (a) and (b) Ra = 2350, (c) and (d) Ra = 6340, (e) and (f) Ra = 18,790,

and (g) and (h) Ra = 63,420.
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practical application, empirical equations are proposed

to correlate the data obtained here and those in the pre-

vious study [5]. They can be expressed as

SI
H

¼ 1:852þ 7:287	 10�5Raþ 0:00229Rej ð4Þ
for 0 6 Ra 6 18; 790 and 61 6 Rej 6 676;

SO
H

¼ 0:0433þ 0:00444Ra0:5 þ 3:445Re�0:5j ð5Þ
for 470 6 Ra 6 18; 790 and 61 6 Rej 6 676;
rs
Dj

¼ 3:283þ 0:000205Raþ 0:00316Rej ð6Þ
for 0 6 Ra 6 7927 and 270 6 Rej 6 676:
When compared with the present data, the standard

deviations of Eqs. (4)–(6) are, respectively, 12%, 13%

and 12%.
3.4. Temperature distributions in vortex flow

In addition to the vortex flow characteristics pre-

sented above, selected non-dimensional steady radial

air temperature distributions in the vortex flow are

measured along the line h = 0� at the middle horizontal
plane between the disk and chamber top. The data are

shown in Fig. 8 along with the corresponding side

view flow photos for Qj = 3.0slpm for various H.

The non-dimensional air temperature U is defined as



Fig. 8. Steady radial variations of non-dimensional air temperature for various Rej along the line h = 0� and Z = 0.5 at DT = 15.0�C
and the corresponding selected side view flow photos at h = 0� for Qj = 3.0slpm for H and Dj = (a) 20.0 and 10.0mm, (b) 20.0 and
22.1mm, (c) 15.0 and 10.0mm, (d) 15.0 and 22.1mm, (e) 10.0 and 10.0mm, and (f) 10.0 and 22.1mm.
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(T � Tj)/(Tf � Tj). Note that in the region dominated by

the primary inertia-driven roll the air temperature in-

creases with the radial distance measured from the jet

axis. The air temperature reaches a maximum in the re-

gion when the wall-jet separates from the disk surface

and moves obliquely upwards. Beyond that the air tem-

perature starts to decline. Near the chamber side the

temperature decline is relatively sharp due to the pres-

ence of the buoyancy-driven roll. Moreover, a sharper

temperature decline results at a lower Rej for given DT
due to the stronger buoyancy roll. We also note that

for a smaller jet-to-disk separation distance the air tem-
perature in the middle horizontal plane is slightly lower.

This is considered to result from the higher mean radial

flow speed in the wall-jet region in the chamber with a

smaller H for a given Qj, which in turn causes weaker

inertia-driven and buoyancy-driven rolls. Thus the

above non-monotonic radial air temperature distribu-

tions for a given H result directly from the presence of

the counter-rotating primary inertia-driven and buoy-

ancy-driven vortex rolls in the chamber and the deflec-

tion of the impinging jet flow by these rolls. A close

examination of these data further reveals that at increas-

ing jet Reynolds number the temperature peak moves
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away from the jet axis and the temperature decay in the

region near the chamber side is small, reflecting the fact

that we have a larger primary inertia-driven roll and a

weaker buoyancy-driven roll for a higher Rej.
4. Concluding remarks

Combined flow visualization and temperature meas-

urement have been conducted here to explore how the

jet-to-disk separation distance affects various aspects of

the steady vortex flow resulting from a mixed convective

low speed air jet impinging onto a heated horizontal disk

confined in a vertical cylindrical chamber. Major results

obtained are briefly summarized in the following:

1. A tertiary inertia-driven circular vortex roll is first

identified in the confined impinging jet as the jet

Reynolds number is high enough. The tertiary roll

is relatively small compared with primary inertia-dri-

ven roll. Beyond this Rej the high jet inertia causes

the vortex flow to become time dependent.

2. The critical jet Reynolds numbers for the onset of the

primary, secondary and tertiary inertia-driven rolls

increase noticeably when H is reduced from 20.0 to

10.0mm. But the corresponding critical jet Reynolds

numbers for the tertiary inertia-driven roll do not

change for a reduction of H from 30.0 to 20.0mm.

3. A reduction in H results in a significant decrease in

the Rayleigh number since Ra / H3 and can substan-

tially reduce the size and strength of the buoyancy-

driven roll. The present data of the critical condition

for the onset of the buoyancy-driven roll can be

approximately expressed as the local buoyancy-to-

inertia ratio at the edge of the disk Gr=Re2we � 33:0.
4. Both the inertia- and buoyancy-driven vortex rolls

grow in size and intensity for an increase in the jet-

to-disk separation distance. At H = 30.0mm the pri-

mary inertia-driven and the buoyancy-driven rolls

both become so large and they contact with each

other. Thus no space is left for the secondary iner-

tia-driven roll to appear.

5. The non-monotonic radial air temperature distribu-

tion in the flow mainly reflects the counter-rotating

vortex flow structure of the primary inertia-driven

and buoyancy-driven rolls.

6. The empirical equations are proposed to correlate the

size of the primary inertia- and buoyancy-driven rolls

and the location of the secondary inertia-driven roll.
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