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Mean flow characteristics of a turbulent plane jet with buoyancy induced curvature
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Abstract. An experimental investigation of heated vertical and in-
clined plane air jets discharged into quiescent surroundings is de-
scribed. A unique feature of this data is that Pitot tube measure-
ments were used to define the mean trajectory of the inclined jets so
that subsequent hot-wire traverses could be made normal to the
curved path. While the mean velocity and temperature profiles are
self-similar for the range of exit conditions studied, other aspects of
the mean jet development depend on the exit Reynolds and Froude
numbers, or the discharge angle. It is noted that variations between
this study and other published data suggest further measurements of
this flow situation are needed, with particular attention to specific
features of the jet apparatus and ambient surroundings, and to the
exit Reynolds number.

List of symbols

b half-width

C, C,, C* constants defining decay rates

D exit width of the jet

Fr jet exit densimetric Froude number (o, U, /g D 4g,)
I velocity profile integral parameter

K. K, constants defining spread rates

M momentum flux

Re jet exit Reynolds number

s, R curvilinear axes of the jet flow

T temperature

u,v streamwise and transverse velocity

U, velocity scale [Eq. (3)]

X, length scale [Eq. (4)]

X, ¥, 2 Cartesian axes of the jet flow

AT excess temperature (7—T)

0 jet discharge angle relative to vertical (6=0°)
n y/b or n/b

"] momentum thickness of the nozzle boundary layer
0 air density

Subscripts

a ambient

c jet centerline

0 jet exit

t refers to temperature

u refers to velocity

50 refers to far field
overbar time average

* Presently with Dept. of Mechanical Engineering, University of
Alexandria, Alexandria, Egypt

1 Introduction

Most of the experimental work on the effects of streamline
curvature on the structure of turbulent flows has focussed on
solid boundary pressure induced curvature (e.g. Pelfrey and
Liburdy 1986). The resulting turbulent flow over a curved
boundary, e.g., experiences stabilizing effects if the surface is
concave or destabilizing effects if the surface is convex. By
comparison, relatively little experimental data exists on the
effects of buoyancy induced curvature on the character of
free turbulent shear flows (e.g. Lemieux 1983). Here, both
buoyancy and curvature effects are present and may result in
competing influences. For example, the heated inclined
plane jet shown in Fig. 1 is thermally stable on the convex
(lower) side, and unstable on the concave (upper) side, while
dynamically the flow (due to curvature) is stable on the
concave side and unstable on the convex side (Bradshaw
1973). The present study investigates and attempts to eluci-
date both buoyant and curvature stability effects on the
mean (time averaged) characteristics of a heated inclined
plane jet issued into a quiescent medium. Of particular inter-
est is the symmetry and growth aspects of the mean velocity
and excess temperature profiles across the jet as a function
of the distance along the centerline.

The buoyant round or slot jet discharged horizontally or
at arbitrary angles into quiescent surroundings has been
studied theoretically and or experimentally by Abraham
(1963, 1965), Anwar (1969), Fan and Brooks (1969), Ceder-
wall (1971), Chan and Kennedy (1972) and Lemieux (1983).
Cederwall (1971) conducted experiments on a buoyant slot
jet discharged horizontally into quiescent surroundings and
found resonable agreement between his mean jet characteris-
tics and the integral predictions of Abraham (1963) and Fan
and Brooks (1969). The integral model of Chan and
Kennedy (1972) also reasonably predicts the results of
Cederwall (1971). Lemieux (1983) conducted an experimen-
tal study on both the mean and turbulence structure of a
heated slot jet discharged at four angles including the verti-
cal and horizontal cases. He reports only limited success in
predicting the experimental trajectory of his horizontally
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Fig. 1. Definition sketch of the heated inclined plane jet

released jet using either his or Chan and Kennedy’s (1972)
integral model. In summarizing the development of the jet,
Lemieux reports that the mean velocity and temperature
profiles were self-similar in the far field except for a slight
asymmetry in the inclined jets which he attributed to the
thermal stability effects. The rate of spread of temperature
was greater than that of velocity, with both being essentially
independent of the range of buoyancy and discharge angles
tested, but dependent on Re. He found that the rate of decay
of centerline temperature was greater than that of velocity
with both being dependent on buoyancy. However, the rate
of decay of temperature was also dependent on the discharge
angle.

The study by Lemieux provides an excellent data base for
comparison with the present results. Before a detailed com-
parison can be made however, any differences in experimen-
tal setup and technique and their effect on the respective
results must be considered. Both studies used an X-array
hot-wire anemometry technique. Lemieux’s X-wire traverses
were made normal to the jet discharge direction, rather than
the trajectory as in the present study, with the result that
only the x-component of the streamwise velocity was mea-
sured. His traversing method creates a misalignment be-
tween the probe axis and the local mean flow direction,
thereby introducing a source of error associated with the
yaw sensitivity of the X-wire. Lemieux analysed his X-wire
signals using the cosine cooling law which is not recom-
mended for flows of low velocities or high turbulence levels
(e.g. Champagne et al. 1967; Bruun 1972; Bruun and Tropea
1985), while in this study a comprehensive technique incor-
porating both yaw and temperature sensitivities was used
(Abdel-Rahman et al. 1988 a). Lemieux conducted his exper-
iments with a fixed exit velocity U, but changed his jet exit
excess temperature 4T, giving Fr’s of 715 and 1430, and Re’s
of 1500 and 1700 which resulted in density ratios g, /g, ~ 1.06
and 1.14. In the present study 47,, and hence g,/0,, was
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held constant at = 1.25 while a change in Fr between 800
and 1450 was achieved by changing U, resulting in Re’s of
1880 and 2600. Chen and Rodi (1980) report a significant
influence of g,/g, on the rates of decay and spread in plane
jets. However, Lemieux and Oosthuizen (1984) and Otugen
and Namer (1986) have shown that the development of the
plane jet is also influenced by Re, particularly in the range of
these experiments. Other differences between this study and
Lemieux’s will be discussed within the context of interpret-
ing the results.

The overall objective of the current research is to further
the understanding of free shear flows with buoyancy induced
curvature, and ultimately, to provide experimental data to
aid in the development of prediction methods. A primary
objective of the present work was to provide a detailed data
base to support and extend the results of Lemieux (1983). To
this end, preliminary Pitot tube measurements were used to
define the curved path of the heated inclined jets after which
detailed profile measurements were made normal to the jet
trajectory using the X-wire probe.

2 Experimental design and procedure

The jet apparatus, originally constructed by Reardon (1985),
now consists of a variable speed centrifugal blower which
supplies the air through a 3.7 m long round flexible duct and
a 1.0 m diffuser section, to a 400 mm x 600 mm x 125 mm
settling chamber, followed by a corner section containing
90° turning vanes, a second shorter settling chamber, and
finally a 40 : 1 contraction which ends as a 600 mm x 10 mm
slot. The jet issues from a floor which spans the length of the

slot and extends 300 mm on each side. The jet is confined by

two vertical walls which extent 1200 mm on the upper and
1000 mm on the lower side of the slot. The entrained air
passes through 0.8 open-air ratio screens spanning the ends
of the confining walls. Profile measurements of the mean
velocity and turbulence intensity (<0.7%) at the nozzle exit
indicate that the initial wall boundary layers are laminar.
The jet flow can be uniformly heated to a maximum excess
temperature of ~80°C, and maintained constant to within
+1°C, at a nominal exit velocity of 4.0 m/s. The measuring
probes are moved in the s, n plane (Fig. 1) to within 0.01 mm
by a micro-computer controlled traversing mechanism.

Preliminary profile measurements and two-dimensionali-
ty checks were made with a Pitot tube and a 5 um cold-wire
probe. The detailed profile measurements were made with a
triple-wire probe comprising a DISA 55P51 gold-plated
tungsten X-wire connected to a DISA 56C01 system through
two 56C16 general purpose bridges and a 1 um platinum
wire operated in constant current mode using a 56C20 tem-
perature bridge. The three analog signals from the triple-
wire probe were simultaneously sampled using a multichan-
nel, high speed, 12 bit A/D converter interfaced under DMA
control to an IBM PC-XT.

The digitized hot-wire signals were interpreted using the
response equation given by Collis and Williams (1959) be-
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Table 1. Spread and decay constants for velocity and excess temperature

Experiment code and conditions K,* K,* K,"® C,? C* Crc
Al (Fr=1456, Re=2585, 0=0.0°) 0.129 0.134 0.134 0.185 0.219 0.413
Bl (Fr=1451, Re=2601, 0=22.5°) 0.128 0.144 0.143 0.126 0.195 0.360
C1 (Fr=1453, Re=2560, §=45.0°) 0.123 0.155 0.136 0.128 0.184 0.373
A2 (Fr=805, Re=1879,8=0.0°) 0.159 0.166 0.166 0.122 0212 0.429
B2 (Fr=792, Re=1878,0=22.5° 0132 0.137 0.149 0.091 0.165 0.395
C2 (Fr=790, Re=1913, 0=45.0°) 0.138 0.154 0.145 0.100 0.180 0.391
Lemieux (Fr=715, Re=1500, §=0.0°) 0.121 0.136 0.132 0.211 0.178 0.400
Lemieux (Fr=715, Re=1500, §=30.0° - - - - - 0.402
R & C: 1985 (Fr=110, Re=1600, 6§ =0.0°) 0.112 - 0.167 0.093 0.168 0.194

* 15>5/D<75
® 15>s/D<50
¢ 5>5/D<30

cause it represents a physical heat transfer model for the
hot-wire, rather than just a regression model, and thus, in-
herently accounts for the complete separation of tempera-
ture and velocity effects on the hot-wire signals (Abdel-
Rahman et al. 1988a). Bruun and Tropea (1985) recom-
mended that a digital technique incorporating the yaw
dependence of all the calibration coefficients should be used
when instantaneous velocity components are desired. Rear-
don (1985) developed a technique similar to theirs and it has
been extended for use in the present study (Abdel-Rahman
et al. 1988 a).

The heated jet flow was studied at discharge angles 6=0,
22.5 and 45°. For each 6, experiments were conducted at
Fr~800 and 1450, which correspond to U, 4.5 and 6.2 m/s,
Re~1880 and 2600 and a constant g,/¢,~ 1.25. The loci of
the positions of maximum velocity from profiles made nor-
mal to the axis of discharge of the inclined jets (y-direction)
using a Pitot tube and cold-wire defined the curved trajecto-
ry of the jet for each of four combinations of 6 and Fr. From
these trajectories, the appropriate traverse lines in the n-di-
rection were calculated for the subsequent detailed measure-
ments using the triple-wire probe. Lateral profiles of U, V;
and AT were measured at up to seven downstream stations
out to 75 nozzle widths (s/D) for six experimental conditions
as defined in Table 1. The estimated uncertainties associated
with the measured quantities are: U+2.0%; V +£3.0%;
AT+1.5% (Abdel-Rahman 1987).

3 Results and discussion

3.1 Jet trajectory

The jet trajectories for the four inclined cases are shown in
Fig. 2 each plotted with respect to their initial angle of dis-
charge 6. Significant buoyancy-induced displacements of the
jet’s centerline with respect to 6 are evident. The displace-
ment of case C2 at s/D =60 exceeds that found by Lemieux
(1983) by about a factor of two for similar jet exit conditions.
Possible reasons for this discrepancy will be discussed later
in the paper. Jet trajectories based on the temperature field
were found to be similar but slightly above those of the

Fig. 2. Effect of 8 and Fr on jet trajectory; * —B1;0-B2;0-C1;
o—C2

velocity field. All subsequent data are analyzed with respect
to the velocity centerline.

3.2 Mean streamwise velocity and excess temperature

The profiles of mean streamwise velocity U/U, for the higher
Fr experiments shown in Fig. 3b indicate that velocities in
the central portion of the jet are slightly lower in the vertical
jet (A1) compared to the inclined jets (B1 and C1), a trend
which was evident in the lower Fr data as well. Figure 3b
also illustrates that increasing the Re and Fr for a fixed 6
slightly increases U/U, (C1 versus C2). Lemieux’s (1983)
measured x-component of U was sensitive to changes in Fr
and @ but in both cases the trends were opposite to those
described above. These differences in behaviour might be
related to the variations in Re and or the greater degree of
curvature found here which implies generally lower rates of
dilution relative to Lemieux’s results.
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Fig. 4. Self-similar profiles of streamwise mean velocity and mean
excess temperature for case C2

The profiles of AT/AT, follow the same dependencies as
those described for U/U,, except at a fixed 6 where excess
temperatures were slightly lower for the higher buoyancy
(lower Fr) cases. This latter trend is physically more appeal-
ing since greater buoyancy is associated with increased pro-
duction of turbulence and hence more dilution of the jet.
Lemieux also observed decreases in 4T/4T, as buoyancy
was increased at a fixed §. However, in contrast to the pres-
ent data, his AT/AT,’s were slightly higher in the vertical
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compared to the inclined jets. In both studies the develop-
ment of the temperature field proceeds more quickly than
that of the velocity field.

The self-similar profiles of U/U, versus n/b, at s/D=30
and 60 in Fig. 3a show that the vertical (A 2) and inclined jets
(B2 and C2) develop identically. Figure 4 presents self-simi-
lar profiles of U and AT for case C2 and is typical of the
range of @’s and Fr’s tested. This data illustrates both the
self-similar and Gaussian nature of the mean velocity and
excess temperature.

A test for asymmetry in the lateral distributions of U and
ATwas made by folding them about their centerlines. Essen-
tially no asymmetry was found in the profiles of U, while in
case C 2 there is some indication of asymmetry in the profiles
of AT as illustrated in Fig. 4. In this case the spreading of the
jet is inhibited on the convex (positive) side which is consis-
tent with the thermal stability of the flow. Lemieux observed
asymmetry in his profiles of U, and to a greater extent, in
those of AT The more symmetric profiles of the present
study suggest that much of the asymmetry in Lemieux’s
results must be due to his traversing method which locates
the upper side of the profiles at a point where more stream-
wise development has occurred relative to the lower side.

3.3 Spread rates of velocity and excess temperature

A mean flow similarity analysis of the plane jet suggests that
the velocity and temperature growth rates of the jet’s half-
widths (db, /ds and db,/ds) vary linearly with jet trajectory s,
as given respectively by

b, s b 5
7= K [E —K,{' and B‘ =K, [5 —K,O} (1)

where K, and K, are the spread rate constants, and K, and
K,, are the geometric origins of the velocity and temperature
fields. Table 1 defines the experimental coding and corre-
sponding exit conditions, and summarizes the spreading
rates of velocity and temperature as determined by fitting the
average of the local half-widths from each side of the jet to
the above expressions.

Figure 5 suggests a slight dependence of the spreading
rate of velocity on the differences between the series 1 and 2
experiments while no dependence on 6 is evident. Although
the fitted spreading rates of velocity in Table 1 are generally
within the experimental uncertainty of ~ + 5%, the actual
values do agree with the trend of Fig. 5. Average fits to the
data of the series 1 and 2 experiments give velocity spreading
rates of 0.126 and 0.137 respectively. Lemieux reports an
average spreading rate of 0.128 for all his buoyant results at
Re’s of 1500 and 1700 indicating no significant dependence
on either 0 or Fr. Both determinations compare well with
some published data on vertical buoyant plane jets [e.g.
0.123 by Reardon (1985) and 0.138 by Bashir and Uberoi
1975], but are larger than the value of 0.11 recommended by
Chen and Rodi (1980). However, the effect of low Re needs
to be considered.
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Fig. 5. Spread rates of velocity and excess temperature for vertical
and inclined jets

Ray (1986) measured a velocity spreading rate of 0.114
using the present jet apparatus under isothermal conditions
with Re~7000. Combined with the present results, this indi-
cates a systematic behaviour for Re’s between 1900 and
7000. Since the range of Fr studied by Lemieux was nearly
identical to the present study but was achieved with a nar-
rower range of Re, it is judged that the increase in the aver-
age spreading rate of velocity between series 1 and 2 exper-
iments is due more to the decrease in Re rather than the
difference in Fr. This conclusion is supported by the results
of Lemieux and Oosthuizen (1984) and also Otugen and
Namer (1986) who showed that the rates of spread of veloc-
ity decreased from 0.179 to 0.098 as Re increased from 1000
to 6000.

Figure 5 shows that the spread of the temperature field
is less dependent on Re and or Fr than the velocity field, but
more variable in the far field (e.g. case B2, s/D >40). In the
near field from s/D=35 to 30, the data for the six cases are
nearly coincident, and the fitted spread rates vary between
0.153 and 0.166 with an average value of 0.161. In the far
field any definite trend is obscured by the experimental scat-
ter, although in general the rate of spread is lower than in the
near field which is opposite to the results of Lemieux. For
this reason, the spreading rates of temperature are given for
two different ranges in Table 1. The results exhibit no strong
dependence on 6, but like velocity, do show a slight increase
with decreasing Re and Fr in the region between s/D=15
and 50. The rate of spreading of temperature varies between
~0.14 and 0.16 depending on the region of fit and the exit
conditions. This range of values agrees well with the value of
0.14 recommended by Chen and Rodi (1980) for the non-
buoyant and intermediate region of vertical non-isothermal
plane jets, considering the effects of low Re which tend to
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Fig. 6. Variation in the decay of centerline mean velocity with dis-
charge angle

increase the rate of spread. Lemieux reports a much higher
value of 0.19 for his far field vertical jet data, which he also
attributed to the low Re effects. However, for his vertical case
given in Table 1, values of 0.132 and 0.136 were determined
here, demonstrating the sensitivity of the region of fit in
determining these constants. Many other investigators have
reported higher values than the one recommended by Chen
and Rodi [e.g. Bashir and Uberoi (1975): 0.164, Ramaprian
and Chandrasekhara (1983): 0.167 for case MSC2, and
Reardon (1985): 0.154].

3.4 Decay of mean centerline velocity and excess temperature

The decay constants of the mean centerline velocity and
excess temperature of a non-buoyant plane jet are deter-
mined by fitting the data to the self-similar expressions

U,\2 s AT,\? s
2) =¢,|=-cC d (52) =¢|=-cC 2
(g) -c[3-c| ma (52) -c[5-c] @

where C, and C, are the decay rate constants, and C, and
C,, are the kinematic origins of the velocity and temperature
fields. Figure 6 shows that the decay rates of U, for the
present data are much lower than comparable data from
Lemieux. In addition, the effect of 8 at constant Fr is oppo-
site to that found by Lemieux. The present inclined jet data
show a slight increase in the decay rates for the series 1
versus the series 2 experiments while the data of Lemieux
(not shown here) shows little effect for < 60°. However, the
decay rate of his horizontal jet at Fr=715 is significantly
greater than the equivalent jet at Fr=1430 as shown in
Fig. 6. This increase in decay is attributed to the greater
buoyancy forces which result in an increase in the turbulence
activity of the lower Fr jet.



82

80
a A2 §=0°
T o B2 22.5°
o C2 45°
e Lemieux §=30°, Fr=715 0
60
o
a
NA4O‘ [
5 o
=
4 )
~ 0
o
e
Z 20 0 °
=
a®
&
[
0 T T T T T T T T T
0 20 40 60 80 100
S/D——>

Fig, 7. Variation in the decay of centerline mean excess temperature
with discharge angle

Ramaprian and Chandrasekhara (1985) argue that the
use of U, as a scaling velocity does not adequately account
for the influence of initial conditions on jet development and
thus proposed

U,=(M,/D-2¢)'" 3

where M_ is a far field kinematic momentum flux and ¢ is
the momentum thickness of the boundary layers on the
nozzle walls at the jet exit. It is commonly assumed that
momentum is conserved in an isothermal plane jet but mea-
surements have not always shown this (e.g. Hussain and
Clark 1977). For this reason the use of M, in the scaling
velocity does reduce the scatter in published decay rates of
U, (Ramaprian and Chandrasekhara 1985). However, the
integrity of the various jet apparatus involved should be
better understood so that anomalous influences on the
development of the jet can be avoided in future studies.
The decay of the velocity field as plotted in Fig. 6 is
essentially linear beyond the first station so the decay con-
stants were fit between s/D =15 and 75 as reported in Table 1
for both normalizing velocity scales U, (C,) and U, (C¥). The
constants C, are on average greater for the higher Re and Fr
jets (series 1) which is opposite to the data of Lemieux and
to the trend identified by Otugen and Namer. However,
using the velocity scale U, reduced the difference between the
decay constants C* of the vertical jets to the point that
within the experimental uncertainty they are essentially
equal. Equal rates of decay of U, for both Re’s in this study
versus the earlier result of unequal rates of spreading is
consistent with the greater sensitivity of the latter to Re in
the range around 2000 (Otugen and Namer 1986). Chen and
Rodi (1980) recommend C,=0.174 for plane jets which is
lower than the corrected constants C¥ of this study but in
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agreement with the effects of low Re. The constants C, and
C* were also calculated for Lemieux’s vertical jet with
Re=1500 and found to decrease from 0.211 to 0.178 which
agrees with the recommended constant but is not consistent
with the present results or the effects of low Re. Presumably,
other experimental factors account for the inability of the
momentum correction to completely resolve the differences
between the two studies.

The decays of AT, for the series 2 data are plotted in Fig. 7
in accord with Eq. (2) along with a single case from Lemieux.
A striking agreement exists among the data in the near field.
Beyond s/D =40 a non-linear decay of AT, occurred in both
studies, although more noticably in the present data, indicat-
ing a lack of self-similarity. The more quickly diminishing
AT, observed for the vertical jet A2 relative to the inclined
jets indicates that this deviation from the expected linear
behaviour as given by Eq.(2) is not due to the buoyancy
induced curvature. Lemieux’s results (not shown here) tend
to agree with the above, but like the far field data of series
2in Fig. 7 are somewhat inconsistent in their behaviour with
respect to . The faster decay of AT, of the series 2 data
(0./00=1.25) relative to the data of Lemieux (¢,/¢, =1.14) as
shown in Fig. 7 supports the predicted effect of ¢,/¢, on
decay rates (Chen and Rodi 1980).

The dimensionless length scale given by Chen and Rodi
(1980) as

(@) (2) o

places the present data in their intermediate region for x/D
> 60 and 40 for the series 1 and 2 experiments respectively.
Thus, in the far field, some deviation from the self-similar
decay of AT, as (s/D)”''*> [Eq. (2)] should occur. Figure 8
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clearly shows a change in the slope of the decay of AT, in the
region beyond s/D=40. The slightly earlier change and
steeper slope of the series 2 versus series 1 results are consis-
tent with the greater buoyancy forces of the former series.
However, the actual decay of AT, is seen to assume a plume-
like behavior varying as (s/D)~ ! which is not expected in the
intermediate region. This apparently accelerated transition
from jet to plume-like behaviour is likely explained by the
specific experimental apparatus and exit conditions used.
For example, Chambers et al. (1985) have shown that the
more violent near field mixing of the symmetric structures
associated with the type of nozzle used here will produce
faster jet development than nozzles which induce asymmet-
ric structures.

Following the above observations the decay constants C,
given in Table 1 were calculated for s/D <30 where the jet-
like behaviour was observed. These constants show similar
trends to the constants C,. On average they are slightly
lower for the higher Fr and Re cases A1, B1, and C1, and
there is no definite trend with 8. The values of C, for Lemieux
given in Table 1 agree well with the series 1 and 2 averages
of 0.382 and 0.405. These decay constants are much higher
than the value of 0.25 recommended by Chen and Rodi
(1980) but are consistent with the expected influence of Re
and g,/g0,. Lemieux reports average decay constants C, of
0.51 and 0.32 for all his far field data at Fr’s of 715 and 1430
respectively. Ramaprian and Chandrasekhara (1983) found
C,=0.194 for the non-buoyant case MSC2 which is surpris-
ingly low considering the low Re of 1600 and the other
results given above.

3.5 Mean transverse velocity

The profiles of mean transverse velocity for the vertical jets
exhibit maximum values and locations (n/b,) of zero velocity
which are comparable with other slot jet data (e.g. Krotha-
palli et al. 1981; Ramaprian and Chandrasekhara 1985). In
Fig. 9 profiles of transverse velocity at all downstream sta-
tions are plotted for the inclined jets C1 and C2. In case C1
the flow is self-similar out to s/D =40, which is consistent
with the previous result on the decay of AT, after which, the
influence of buoyancy produces an ever increasing shift in
the profile such that by s/D =60 the entire mean transverse
flow is from the convex (lower) to concave (upper) side of the
jet. When the buoyancy forces are greatest (case C2), the
advancement to negative transverse flow occurs earlier and
results in much larger velocities (about 18% of U,), with the
maximums located near the jet centerline. Although the near
field data of case C2 appears to be inconsistent, the clear
trend of the far field data, in particular on the positive (lower)
side of the jet, gives credence to these results. It is noted that
on the thermally stable side of the jet (positive n/b, in the
figure) the data points show more uniformity, while on the
thermally unstable side, they are more irregular. The trans-
verse velocity gradients apparent in these profiles and the
extra buoyancy production terms found in the Reynolds
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Fig. 9. Profiles of normalized transverse mean velocity for §=22.5°
(C1) and 8=45° (C2)

stress and turbulent heat flux equations for the present flow
(e.g. Bergstrom 1987) would be consistent with buoyancy
induced asymmetries occurring in the profiles of transverse
normal stress, shear stress, and transverse heat flux. The
experimental results of Abdel-Rahman et al. (1988 b) confirm
this influence of buoyancy by showing that the above mea-
sures of turbulence are enhanced and suppressed on the
concave (upper) and convex (lower) sides of the jet respec-
tively.

3.6 Conservation of momentum

In a free non-buoyant turbulent plane jet the momentum
flux per unit length M is, in the absence of other forces, a
conserved quantity and equal to the source momentum flux
per unit length M. Assuming the Boussinesq approxima-
tion, and that the contribution of turbulence to the total
momentum is negligible, then

M= O%dy=b02 | f2(dn=b021 5)

where f (1) represents the velocity similarity profile which
has been shown to be Gaussian and [ is the profile integral
parameter. Baker et al. (1987) state that integration of exper-
imental data shows that the turbulence quantity (u*—v?)
accounts for some 5-32% of the total momentum in a fully
developed pure jet. They also refer to Seif (1981) who found
decreases in M for most published plane jet data even when
the turbulence contributions were considered. Ramaprian
and Chandrasekhara (1985) conducted a similar survey and
noted the confusion introduced by three studies where in-
creases in M occurred. For example, Hussain and Clark
(1977) measured up to a 55% increase in M over M,, and
like Ramaprian and Chandrasekhara in their study, attribut-
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Fig. 10. Variation of momentum flux with streamwise distance

ed the increase to a positive pressure gradient in the axial
direction. Both Hussain and Clark and Sfeir (1979) have
shown that increases in M depend to some extent on initial
conditions, in particular, the nozzle design. Hitchman et al.
(1988) found that M /M, was significantly reduced when con-
fining end walls were added to the free plane jet configura-
tion. The wide variation of M/M, found in the literature,
between roughly 0.6 and 1.6, is further evidence of the strong
influences of the jet apparatus and experimental conditions
on the available data on plane jets.

Figure 10 presents the variation in the momentum flux
ratio for the vertical and inclined jet data of this study and,
for comparison, results from: Ray (1986; see also Hitchman
et al. 1988) for isothermal conditions with Re=7230 and
wall boundaries similar to this study; Lemieux (1983) for his
vertical case with Fr=715; Ramaprian and Chandrasekhara
(1983) for the non-buoyant case MSC2; and Hussain and
Clark (1977) for case N-50 which includes the contribution
due to turbulence. In this study, the effect of # on the conser-
vation of momentum is minimal, following the previous
analysis which showed only slight effects on the mean veloc-
ity field. However, like the results of Ramaprian and Chan-
drasekhara and Hussain and Clark, a sharp increase in M
occurred in the near field with asymptotic levels 30% —75%
greater than M, being attained in the far field. These results
contrast with those of Lemieux and Ray which gradually
decrease in the near field assuming asymptotic levels some
5% ~20% less than M,,. The separation of the series 1 and
2 data in Fig. 10 must at this point be attributed to the
previously described effects of Re on the spread and decay of
the jet.

A review of those investigations in Fig. 10 which show an
increase in M revealed that the decay rates of velocity are
much lower than those typically found in published data
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when U, is normalized by U,. However, no consistent con-
clusion was reached regarding the nature of these jet appara-
tus which might explain their similar behaviour. Although
Lemieux’s jet apparatus has the same slot width and nearly
the same aspect ratio as the present one, other differences in
design apparently account for the contrasting development
of these jets. For example, both use a floor section and
confining end walls, but in the present apparatus these fea-
tures extend 5 times further than in Lemieux’s. Besides the
differences in wall boundaries, Lemieux used a rectangular
plenum with a round edged orifice at one end giving an area
contraction of about 10:1, while a much larger settling
chamber was used here, with a smoothly reducing nozzle
based on a cosine curve producing an area contraction of
40:1. Regrettably, the available experimental data is not
sufficient to resolve the discrepancies between these studies.
Hussain and Clark’s jet issued from a relatively large floor
but unlike the other studies represented in Fig. 10 was other-
wise unbounded. Their evidence that a favourable pressure
gradient in the axial direction produced the measured in-
crease in M needs to be pursued in light of the many studies
where decreases in M were found. More specifically, the
reason that both an increase and decrease in M has occurred
in the present jet apparatus, albeit at different Re’s and
slightly altered wall boundaries, needs to be understood.

4 Conclusions

There is little experimental data on heated plane jets with
buoyancy induced curvature. The experimental results of the
present study indicate how buoyancy induced curvature
affects the mean flow characteristics of a heated plane turbu-
lent jet in the non-buoyant and intermediate regions. Com-
parisons with a similar study illustrate the potential sensitiv-
ity of the results to experimental technique and apparatus
design.

The spread rates of the velocity and temperature fields,
along with the decay rate of centreline velocity, depend not
only on the initial Re and Fr numbers as in heated jets
without curvature, but also on the amount of buoyancy
induced curvature present. Buoyancy induced curvature
appears to have little effect on the shape of the mean stream-
wise velocity and temperature profiles as they are found to
be symmetric and self-similar within experimental uncertain-
ty. As one might expect, transition from the non-buoyant
region of the jet to the intermediate region occurs more
quickly as buoyancy induced curvature is increased.

The most significant effect of the competing influences of
buoyancy and curvature on the mean flow characteristics is
due to buoyancy, as seen in the increasingly asymmetric
profiles of mean transverse velocity. The transverse velocity
gradients indicated by these profiles are consistent with the
asymmetries in the profiles of transverse normal stress,
shear stress, and transverse heat flux as reported by Abdel-
Rahman et al. (1988 b).
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