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Abstract

The flow field of a slot jet at low Reynolds numbers (Re ¼ 39:4 and 78.8) was examined numerically and experi-

mentally. The slot exit velocities are small, so the gravitational force has to be taken into consideration in numerical

calculation. Experimentally, the fluid containing oxygen and nitrogen was issued from a slot jet into the quiescent

atmosphere. The concentration field was measured by using a gas chromatograph and a gas-extracting quartz probe.

Furthermore, smoke particles were used to visualize the flow field.

Due to the interaction among momentum transfer, mass transfer and gravitational force, the flow and concentration

fields at low Reynolds numbers with considerable mass transfer are found very different from those at high Reynolds

numbers. The flow field is greatly influenced by the gravitational force due to concentration-induced density change;

and the flow field in turn affects the concentration distribution. For an upward jet of density higher than air, at

Re ¼ 39:4, one vortex in the far region exists. However, at Re ¼ 78:8, two vortices appear; one attached at the slot exit

and one in the far region. The calculated concentration field is in fairly good agreement with the experimental result.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The slot jets have extensive applications in engi-

neering and science in recent years. The study of slot jets

can be classified by their boundary as confined (e.g. im-

pinging jets for heating or drying) or as unconfined flow

field (e.g. leakage of gas fuel from pipe into quiescent

atmosphere). It can also be classified as high-Reynolds-

number (e.g. turbulent jets) and as low-Reynolds-

number flow fields (e.g. slit burners of domestic gas

furnaces). Many researchers studied confined or semi-

confined slot jets at high Reynolds numbers, and some

researchers focused on the study of energy transfer for a

flame of a slot jet burner.
* Corresponding author. Tel.: +886-6-2757575x62167; fax:

+886-6-2352973.

E-mail address: thlin@mail.ncku.edu.tw (T.-H. Lin).

0017-9310/$ - see front matter � 2003 Elsevier Ltd. All rights reserv

doi:10.1016/j.ijheatmasstransfer.2003.10.030
Panzer and Telionis [1] used hot wire anemometry

and flow visualization to examine the velocity distribu-

tion and cross-sectional shapes of jets issuing from

slotted orifices. Their results indicated that for slots cut

on thin tubes, the jets spread strongly in the transverse

direction. Moreover, the jets appeared to have kidney-

shaped cross-sections and double-peaked velocity dis-

tributions.

Baydar [2] experimentally investigated the flow field

between two horizontal surfaces arising from flow issu-

ing from a single jet or double jet on the lower surface

and impinging normally on the upper surface. The

velocity and pressure distributions in the impingement

region were obtained over a Reynolds number range of

300–10 000 and a nozzle-to-plate spacing range of 0.5–4

slot widths. The effects of Reynolds number and nozzle-

to-plate spacing on the flow structure were reported.

Roper et al. [3] described experiments to test the

diffusion flame theory and found that the flame size can
ed.
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Nomenclature

Dimensional quantities

b0 width of the slot exit

D0
O2�N2

diffusivity between O2 and N2

g0 gravitational acceleration

P 0 pressure in the flow field

u0 fluid velocity in x-direction
V 0
in slot exit velocity

v0 fluid velocity in y-direction
x0 transverse coordinate

y0 longitudinal coordinate

l0
mix absolute viscosity of the mixture

l0
O2

absolute viscosity of oxygen

q0 density of the fluid

Non-dimensional quantities

Fr Froude number

P non-dimensional pressure in the flow field

Re� Reynolds number

Sc� Schmidt number

S/ non-dimensional source term

x non-dimensional transverse coordinate

y non-dimensional longitudinal coordinate

YN2
mole fraction of nitrogen in mixture

YO2
non-dimensional mole fraction of oxygen in

Eq. (2)

YO2 ;in mole fraction of oxygen at slot exit

YO2 ;1 ambient oxygen concentration

lmix non-dimensional absolute viscosity of the

mixture, lmix ¼ l0
mix=l

0
O2

q non-dimensional density of the fluid,

q ¼ q0=q0
O2
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be controlled either by momentum or by buoyancy ef-

fects for the slot burner.

Yuan et al. [4] proposed an experiment to simulate

flame flickering comprising a free ascending column fed

on its side with a light gas (helium) emerging from a

vertical slot in ambient air.

Amielh et al. [5] studied experimentally the near-field

region of variable density turbulent jets. The velocity

measurements were performed using a two-component

laser Doppler anemometer in an axisymmetric jet of

helium, air or CO2 exhausting into a low-speed air co-

flow. The result indicated that the development of a

lower density gas is more rapid than that of a heavier gas

for either the same exit momentum flux or the same

Reynolds number.

Mallens et al. [6] presented a model for laminar

premixed Bunsen flames on slit burners burning in a

surrounding atmosphere and investigated the influence

of a surrounding atmosphere and burner curvature on

the flame shape, flow field and mass transport in 2D

laminar premixed Bunsen flames.

Lin et al. [7] performed an experimental study on

heat transfer behavior of a confined slot jet impinge-

ment. The parametric effects of jet Reynolds numbers

and jet separation distance on heat transfer character-

istics of the heated target surface are explored. With the

measurement of jet mean velocity and turbulence

intensity distributions at nozzle exit, two jet flow char-

acteristics at nozzle exit, initially at laminar and transi-

tional/turbulent regimes, are classified.

Chen and Modi [8] examined the mass transfer

characteristics of a turbulent slot jet impinging normally

on a target wall using numerical simulations at the

location where the slot jet emerges from the nozzle. A
confinement plate is placed parallel to the target plate.

The jet fluid is the same as the stagnant fluid into which

the jet emerges. The range of Reynolds numbers exam-

ined is from 450 to 20 000 with Prandtl or Schmidt

numbers from 1 to 2400. The distance of the target plate

from the slot jet varies from 2 to 8 times the slot jet

width.

Lin et al. [9] measured the mean velocity compo-

nents, mean flow direction, turbulent intensities and

Reynolds’ stresses with a split film probe of hot wire

anemometer to investigate the flow field generated by

two identical jets of air issuing from plane parallel

nozzles in a common end wall and mixing with the

ambient room air.

Chiriac and Ortega [10] computed the steady and

unsteady flow and heat transfer for a confined two-

dimensional slot jet impingement on an isothermal plate.

The jet Reynolds number was in the range of 250–750

with Prandtl number and jet-to-plate spacing fixed at 0.7

and 5, respectively. They found that at a Reynolds

number between 585 and 610, the flow becomes un-

steady.

Miller et al. [11] presented the numerical results of

spatially developing, three-dimensional jets issued from

circular and non-circular nozzles of identical equivalent

diameters. Elliptic, rectangular and triangular jets are

considered with aspect-ratios of 1:1 and 2:1.

Few researchers have investigated the mass transfer

of an unconfined, low-Reynolds-number slot jet, which

has become important since many engineering problems

deal with the mass transfer of the fluid with low veloc-

ities.

In our laboratory, we first built a domestic gas burner

system and found that the configurations of the ports
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have considerable effects on the combustion efficiency

and the emissions. We later constructed a pair of sim-

plified slot burners [12–15] to simulate the interaction

between the individual slit burners. The patterns of the

jet flames depended strongly on the air/fuel ratio, the

slot exit velocity, and the distance between the two

burners. We realized that the mass and momentum

transfer between these two burners are important fac-

tors.

In order to investigate the detailed physics of a slot

burner, the focus of this paper is set on the mass and

momentum transfer of an unconfined, low-Reynolds-

number slot jet. In the future, the analysis can be

extended to the interaction of two slot burners with

flame and heat transfer. Because of the low velocity,

gravity plays an important role in the transfer of

mass and momentum. Experimentally, conventional

anemometry is not adequate for measuring such a

low-velocity flow field, so we concentrated on the

measurement of concentration field as well as flow

visualization. Instead of measuring the fluid velocity

directly, we relied on computation to examine the flow

field.
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Fig. 1. Schematic diagram of (a) the slot jet
2. Analysis

2.1. Problem description

The schematic diagram of the slot jet system and the

calculated domain are shown in Fig. 1(a) and (b),

respectively. The slot jet exit is 1 cm wide and 4 cm long,

and the width of the wall is about 2 mm. The flow field

of a slot jet at low Reynolds numbers (Re ¼ 39:4 and

78.8) was examined numerically and experimentally. The

slot exit velocities are small, so the gravitational force

has to be taken into consideration in numerical calcu-

lation. Experimentally, the fluid containing oxygen and

nitrogen was issued from a slot jet into the quiescent

atmosphere. The concentration field was measured by

using a gas chromatograph and a gas-extracting quartz

probe. Furthermore, the qualitative aspects of the flow

fields were performed by flow visualization obtained

with laser-sheet-light illumination of smoke particles.

Oxygen and nitrogen were chosen as the test gases to

simulate a two-species mass transfer problem just for

experimental convenience. The problem can be extended

to a fuel–air application.
c

f g

i

d

x
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system and (b) the calculated domain.
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2.2. Numerical analysis

The above slot jet problem was solved numerically

based on the following assumptions:

(1) The flow field is steady.

(2) The flow in the third dimension is negligible.

(3) No reaction of the two species is present.

(4) The exit flow at the slot is uniform.

(5) All physical properties of the fluid are based on the

room temperature values.

(6) Only oxygen and nitrogen are considered in our

analysis, so YO2
þ YN2

¼ 1.

The slot exit velocity V 0
in and the slot width b0 are

employed to non-dimensionalize the governing equa-

tions

u ¼ u0

V 0
in

; v ¼ v0

V 0
in

; x ¼ x0

b0in
; y ¼ y0

b0
ð1Þ

and

P ¼ P 0

q0
O2
V 02
in

; YO2
¼ YO2

� YO2 ;1

YO2 ;in � YO2 ;1
; q ¼ q0

q0
O2

ð2Þ

where YO2 ;1 is the ambient oxygen concentration.

It should be noted that we define Re� and Sc� based on

the properties of oxygen instead of the properties of

mixture for convenience of programming. It can be

shown that the values of the non-dimensional numbers

based on oxygen or mixture are within 1% difference.

Froude number Fr is defined by conventional parameters.

Re� ¼
q0
O2
V 0
inb

0

l0
O2

; Sc� ¼
l0
O2

q0
O2
D0

O2�N2

; Fr ¼ V 0
inffiffiffiffiffiffiffiffi
g0b0

p ð3Þ

The four non-dimensionalized governing equations

representing the conservations of mass, momentum, and

species O2 are listed in Table 1, where /, C/ and S/ are

to be substituted into the following equation [16]:

o

ox
qu/

�
� C/

o/
ox

�
þ o

oy
qv/

�
� C/

o/
oy

�
¼ S/ ð4Þ

The density of the gas mixture is determined by the

ideal gas equation [17]. The viscosity and diffusivity of

the gas mixture are evaluated by the formulas of Bird
Table 1

Governing equations for a slot jet

/ C/ S/

1 0 0

u
lmix

Re�
� oP

ox
þ 1

3

o

ox
lmix

Re�

�

v
lmix

Re�
� oP

oy
þ q1 � q

Fr2
þ

YO2

q
Re�Sc�

0

et al. [18] and Reid et al. [19], respectively. It is noted

that lmix ¼ l0
mix=l

0
O2

is the ratio of the absolute viscosity

of the gas mixture to the absolute viscosity of oxygen.

2.2.1. Domain and boundary conditions

Only one half domain is calculated because the flow

field is symmetrical with respect to the centerline of the jet

(see Fig. 1(b)). The calculated domain was chosen as a

rectangular region of 10 cm in width and 24 cm in length

(ad ¼ 10 cm, ah ¼ 24 cm). Since the region abeo is the

fluid inside the duct and bcfe is the solid wall, these

two regions do not need to be calculated and hence

we blocked off them (ao ¼ 16 cm). The corresponding

boundary conditions are summarized as follows:

(A) on the symmetrical axis oh:

u ¼ 0;
ov
ox

¼ 0;
oYO2

ox
¼ 0 ð5Þ

(B) far away from the slot:

(i) at hi and cd

ou
oy

¼ 0;
ov
oy

¼ 0;
oYO2

oy
¼ 0 ð6Þ

(ii) at di

ou
ox

¼ 0;
ov
ox

¼ 0;
oYO2

ox
¼ 0 ð7Þ

(C) slot exit boundary condition oe:

u ¼ 0; v ¼ 1; YO2
¼ 1 ð8Þ

(D) along the upper solid surface ef :

u ¼ 0; v ¼ 0;
oYO2

oy
¼ 0 ð9Þ

(E) along the right solid surface cf :

u ¼ 0; v ¼ 0;
oYO2

ox
¼ 0 ð10Þ
2.2.2. Numerical algorithm

The set of governing equations with boundary con-

ditions were then solved by SIMPLER algorithm with

the power-law scheme, and the convergent standard is
ou
ox

�
� 2

3

o

ox
lmix

Re�
ov
oy

� �
þ o

oy
lmix

Re�
ov
ox

� �

1

3

o

oy
lmix

Re�
ov
oy

� �
� 2

3

o

oy
lmix

Re�
ou
ox

� �
þ o

ox
lmix

Re�
ou
oy

� �
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10�4. The grid-independence has been checked in each

case. Therefore, the calculated results are all mesh-

independent solutions.

2.3. Experimental analysis

2.3.1. Experimental apparatus

Experiments were performed using a 1· 4 mm slot

jet, as depicted in Fig. 1(a). The wall of the slot jet is 2

mm thick. Several layers of honeycombs and meshed

screens were installed inside the jet in order to produce a

uniform velocity distribution at the exit plane of the jet.

Oxygen and nitrogen were separately controlled by

conventional flow meters and pressure gauges, premixed

by several mixing loops and then introduced into the slot

jet. Therefore, the gases were mixed well to form a

uniform mixture. The gaseous mixture of oxygen and

nitrogen was issued from a slot jet into the quiescent

atmosphere.

2.3.2. Concentration measurements

Shown in Fig. 1(a), the concentration measurements

were made by extracting the gas from the flow field by

a quartz probe and a vacuum glass bottle with a con-

trol valve. A small amount of collected gas was drawn

out from the bottle and then injected into the gas

chromatograph (GC-14B type, Shimadzu) for analysis

on O2 concentration. The quartz probe was arranged

vertically downward when the gas above the slot exit

was extracted but was arranged upward when the gas

below the slot exit was extracted hence the flow field

was free from interference of the quartz probe. The

quartz probe has a very small tip opening (approxi-

mately 0.1 mm inside diameter) and its extraction speed

is small enough to ensure that the gas extraction is

confined in a small neighboring region of a fixed point.

The tip of the quartz probe can be traversed both

horizontally and vertically by means of a three-

dimensional positioner.

2.3.3. Flow visualization

Smoke particles were used to visualize the low-

velocity flow fields because the flow cannot carry heavy

particles due to small initial momentum at the slot exit.

The smoke particles were injected into the flow and

mixed well with the fluid and then issued from the slot

exit. A thin sheet of laser light, about 1 mm thick, is used

to shine on the particles to make the flow visible [20]. A

video camera was used to take the photographs con-

tinuously.
0 1 2 3 4 5
x (cm)

-4

(b)

Fig. 2. The calculated velocity field for slot exit oxygen con-

centration 0.21 and slot exit velocity (a) 0.06 m/s (b) 0.12 m/s.
3. Results and discussions

Two different exit oxygen concentrations

(YO2 ;in ¼ 0:21; 0:5) corresponding to two exit velocities
were discussed here to illustrate the effect of mass and

momentum transfer.

For the purpose of comparison, we first computed

flow fields with no mass diffusion. Fig. 2(a) shows the

calculated velocity fields for slot exit oxygen concen-

tration YO2 ;in ¼ 0:21 with exit velocity V 0
in ¼ 0:06 m/s.

The corresponding Reynolds numbers, Schmidt num-

bers and Froude numbers are respectively 39.4, 0.743

and 0.192. The fluid decelerates in the y-direction due to
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the viscous stress between the moving fluid and the

quiescent atmosphere. Because the momentum of the

fluid at the slot exit is very small, the fluid expands

immediately. Because the density of the mixture is equal

to the air density, so the buoyancy effect can be ex-

cluded. As the slot exit velocity increases to V 0
in ¼ 0:12

m/s (Fig. 2(b)), the initial momentum is greater than the

case for V 0
in ¼ 0:06 m/s. A small amount of air is en-

trained and then mixes with the moving fluid to form a

recirculation vortex. For the case of YO2 ;in ¼ 0:21, no

mass diffusion was present, only momentum transfer is

important in this kind of flow field.

The velocities and concentration fields for slot exit

oxygen concentration YO2 ;in ¼ 0:5 (with a considerable

mass transfer) corresponding to the same slot exit

velocities will be illustrated in Figs. 3–12.

Fig. 3 shows the calculated velocity and concentra-

tion fields for slot exit velocity V 0
in ¼ 0:06 m/s and

slot exit oxygen concentration YO2 ;in ¼ 0:5. Since the

momentum of the fluid at the slot exit is very small and

the density of the mixture is larger than the air density,

only a small part of the fluid moves along the original

flow direction (upward). Most of the fluid turns down-

wards and air is entrained from the upper and upper-

right regions. A vortex occurs (the center of the vortex is

located at about x ¼ 2:7 cm and y ¼ �1:2 cm) far away

from the slot exit due to the air entrainment and the

shear force between the moving fluid and the quiescent

fluid.The merged flow continues to move downwards

and mixes with air, so the O2 concentration becomes
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Fig. 3. The calculated velocity field and concentration field for

slot exit velocity 0.06 m/s and slot exit oxygen concentration

0.5.
smaller and smaller. Gravitational force plays an

important role, especially in the regions where the inertia

force is comparatively small. The vortex near the slot

exit region was not apparent for such small exit velocity.

Fig. 4 shows the experimental and calculated con-

centration contours of O2. We can see the O2 concen-

tration is 0.5 at the slot exit and then decreases gradually

until the atmosphere value 0.21 due to momentum and

mass transfer. It takes about 1.3 cm for the O2 con-

centration to decay to 0.21 in upward direction, but

about 2 cm to the right side of the jet wall. We can

further see that the experimental and numerical results

coincide in the region above the slot exit but are mod-

erately different in the region below the slot exit.

Fig. 5 shows the transverse concentration distribu-

tions at different longitudinal positions. Three cross-

sections of the contour map are selected to compare the

numerical and experimental results. The computed re-

sults show that the O2 concentrations decay smoothly

and monotonously in x-direction for different y. For

y ¼ 0:2 cm, the O2 concentration is 0.5 at x ¼ 0 cm and

then decays to about 0.39 at x ¼ 1 cm, and then decays

to the atmosphere value at x ¼ 3:0 cm. The experimental

result shows that the O2 concentration is lower than the

numerical result at x < 0:9 cm and higher than the

numerical result at xP 0:9 cm. For y ¼ 0:6 cm, the cal-

culated O2 concentration is 0.45 at x ¼ 0 cm and then

decays to about 0.27 at x ¼ 1 cm, and then decays to

0.21 at x ¼ 2:6 cm. The experimental result is in good

agreement with the numerical result except for the re-

gion 1:0 cm < x < 1:8 cm. For y ¼ 1:0 cm, the O2 con-

centration is 0.27 at x ¼ 0 cm and then decays to about

0.235 at x ¼ 1 cm, and then decays to 0.21 at x ¼ 2:2 cm.

We find the region of mass transfer for experiment larger

than for calculation.

Fig. 6 shows the longitudinal distributions of the O2

concentrations at different transverse positions. Three

cross-sections (x ¼ 0, 0.4, and 0.8 cm) are selected to

compare the numerical and experimental results. At the

centerline (x ¼ 0 cm), the O2 concentration is 0.5 at slot

exit (y ¼ 0 cm) and then decays smoothly and rapidly

along y-direction until it reaches 0.28 at y ¼ 1 cm, and

then reaches 0.21 at y ¼ 2:4 cm. For x ¼ 0:4 cm, which is

located at the inside wall of the slot, the O2 concentra-

tion decays to 0.26 at y ¼ 1 cm and 0.21 at y ¼ 2:1 cm.

For x ¼ 0:8 cm, which is located outside the wall and

above the jet exit, the O2 concentration distribution is

almost the same as x ¼ 0:4 cm. Further observation

indicates that the concentration decays more quickly in

y-direction than in x-direction.
Fig. 7 shows the photograph of the flow visualization

and the calculated velocity field for the slot exit velocity

V 0
in ¼ 0:06 m/s. These two flow fields are similar in

qualitative sense. The numerical results have been dis-

cussed in Fig. 3. For flow visualization, the distance that

the fluid can reach is about 0.8 cm in upward direction,
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and the vortex is located at about x ¼ 2:7 cm and

y ¼ �2:2 cm. It appears that the distances in upward

and right region that the fluid can reach are almost the

same. The x coordinate of the center of the vortex for

the experiment is the same with the calculated result, but

the y coordinate is about 1.0 cm lower than the calcu-

lated result. The smoke particles may have slightly
affected the diffusion, and perhaps did not follow the

flow completely.

Fig. 8 shows the calculated velocity and O2 concen-

tration fields for slot exit velocity V 0
in ¼ 0:12 m/s with exit

oxygen concentration YO2 ;in ¼ 0:5. The corresponding

Reynolds numbers, Schmidt numbers and Froude

numbers are respectively 78.8, 0.743, and 0.383. We can
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see the fluid moves farther away from the slot exit in the

y-direction along the centerline than in the former case

(V 0
in ¼ 0:06 m/s) due to larger initial momentum. The

initial momentum brings the fluid away from the slot

exit in y-direction, but the gravitational force pulls back
the fluid, so the fluid turns down at a distance from the

slot exit. A recirculation vortex near the slot exit whose

vortex center is located at about x ¼ 0:9 cm and y ¼ 0:4
cm can be seen. A small amount of the down-flowing

fluid turns inwards and impinges on the solid wall and

then turns outwards. Another vortex due to shear force

far away from the slot exit (the center of the vortex is

located at about x ¼ 2:5 cm and y ¼ �0:3 cm) can also

be seen. The concentration field depends strongly on the

velocities since the momentum transfer dominates most

part of the flow field.
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Fig. 9 shows the experimental and calculated con-

centration contours of O2. We can see the distance that

O2 can reach is about 2.2 cm in y-direction above the

slot exit, and is about 2.5 cm in x-direction. The diffusion
inV = 0.12 m/s
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Fig. 9. Concentration contours for slot exit velocity 0.12 m/s and slot e

results.
distance for O2 in y-direction is apparent larger than for

the case of V 0
in ¼ 0:06 m/s. Furthermore, the calculated

and experimental results are in fairly good agreement,

but larger difference exists in the right-lower region.

It is interesting to note that saddle-shaped concen-

tration distributions can be seen at longitudinal posi-

tions y ¼ 0:2, 0.6 and 1.0 cm (see Fig. 10). It is due to the

appearance of recirculation vortex in the near field re-

gion of the slot exit. We first discuss the numerical

results. For y ¼ 0:2 cm, the O2 concentration is exactly

0.5 at x ¼ 0 cm, and has a local minimum value 0.44 (at

x ¼ 0:7 cm). The O2 concentration then increases to 0.47

(at x ¼ 1:2 cm), and then decay monotonously till 0.21

(at about x ¼ 3:0 cm). For y ¼ 0:6 cm, the curve is

qualitatively similar to that at y ¼ 0:2 cm, but the con-

centration peak and valley are not as apparent as those

at y ¼ 0:2 cm. For y ¼ 1:0 cm, the concentration peak

and valley almost disappear since y ¼ 1:0 cm is near the

rim region of the vortex. The saddle-shaped curve will

disappear far away from the vortex. Experimentally, the

results agree qualitatively with the numerical results.

Quantitatively, the experimental results decay more

quickly in most part of the region partly because the

fluid flows out of the short end of the slot, which can be

attributed to the three-dimensional effects.

From Fig. 11, we can see the O2 concentration on the

centerline (x ¼ 0 cm) decays more slowly than that for

V 0
in ¼ 0:06 m/s. The calculated results agree with the

experimental results in qualitative sense. Quantitatively,

the experimental results decay more quickly due to the

three-dimensional effect.
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Fig. 10. Transverse concentration distributions at different longitudinal positions for slot exit velocity 0.12 m/s and slot exit con-

centration 0.5.
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centration 0.5.
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Fig. 12 shows the photograph of the flow visualiza-

tion and the calculated velocity field for the slot exit

velocity V 0
in ¼ 0:12 m/s. We can see the length needed to

turn-down for the computation is slightly smaller than

that of the experiment, hence, the size of the corre-

sponding vortex in the computation is also smaller than

of the experiment. The vortex outside the main flow can

be seen for computations, but not in the experiments. It
is possibly because the smoke particles do not follow the

gas flow in some local region.

In all the above-mentioned cases, the gravitational

force has been downwards because the density of the jet

is larger than the atmospheric air. If the gravitational

force is reversed in direction by introducing a lighter jet

into the atmosphere, the velocity and concentration field

can considerably be changed. Fig. 13(a) and (b) show



Fig. 12. The flow visualization and the calculated velocity field for slot exit velocity 0.12 m/s and slot exit oxygen concentration 0.5.
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Fig. 13. The comparison between the results of slot exit oxygen concentration (a) 0.1 and (b) 0.5 for slot exit velocity 0.12 m/s.
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two jets at the same exit velocity, V 0
in ¼ 0:12 m/s, but at

two different mole fractions of YO2 ;in ¼ 0:1 and 0.5. Fig.

13(b) is the same as Fig. 8, and has been discussed earlier
in the text. Because the density for YO2 ;in ¼ 0:1 is smaller

than the air, the buoyancy term, ðq1�q
Fr2 Þ in the governing

equations changes its sign. Due to the contribution of
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the buoyancy term, more fluid moves upwards than the

case for YO2 ;in ¼ 0:5, so the position of the vortex center

for YO2 ;in ¼ 0:1 (x ¼ 0:95 cm and y ¼ 0:85 cm) is higher

than for YO2 ;in ¼ 0:5 (x ¼ 0:9 cm and y ¼ 0:4 cm). Fur-

ther observation can be made that the mass-diffusion

distances for these two cases do not differ much in up-

ward direction but larger difference exists in the right-

lower region. The saddle-shaped concentration curve

cannot be seen for YO2 ;in ¼ 0:1 because the fluid was not

pulled downwards by the gravitational force.
4. Conclusions

The velocity and concentration fields of a slot jet at

low Reynolds numbers were numerically computed,

and the computed results were compared with experi-

mentally obtained concentration field and flow visual-

ization. The Reynolds number (the ratio of inertia to

viscous forces) and Schmidt number (the ratio of the

momentum to mass diffusivities) is not sufficient to

characterize this kind of unconfined binary-mixture slot

jet flow field. In addition to the Reynolds number and

the Schmidt number, the Froude number, defined as

Fr ¼ V 0
inffiffiffiffiffiffi
g0b0

p (the ratio of inertial forces to gravity forces),

is also important. In the present study, two apparently

different flow fields corresponds to Fr ¼ 0:192 and

0.383 (i.e. V 0
in ¼ 0:06 and 0.12 m/s) were used to illus-

trate the effect of Froude number. Since the Froude

number is smaller than 1.0, the gravitational force has

to be taken into consideration. It was found that the

fluid was strongly influenced by the gravitational force

in the case of V 0
in ¼ 0:06 m/s but was moderately

influenced by the gravitational force in the case of

V 0
in ¼ 0:12 m/s.

The conclusions are as follows:

(1) The flow and concentration fields are characterized

by the strong interaction among momentum trans-

fer, mass transfer and gravitational force.

(2) For high-density jet discharging upwards into quies-

cent air, the gravitational force acts to accelerate the

fluid in the downward direction. At Re ¼ 39:4, one
vortex in the far region exists. The distance that

O2 can reach is about 1.3 times the slot width in y-
direction above the slot exit, and is about 2.0 times

the slot width in x-direction.
(3) At Re ¼ 78:8, two vortices appear; one attached at

the slot exit and one in the far region. The distance

that O2 can reach is about 2.2 times the slot width in

y-direction above the slot exit, and is about 2.5 times

the slot width in x-direction.
(4) The calculated results are in fairly good agreement

with the experimental results; therefore, the numeri-

cal model was found to represent a low-Reynolds-
number slot jet adequately and can be used to relieve

some experimentation difficulties.
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