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Two- and three-dimensional turbulent wakes which develop under the influence of streamline curvature and
rotation were calculated with three turbulence closure models. The first model was comprised of transport
equations for the turbulent kinetic energy and the rate of energy dissipation. The second model was comprised of
equations for the rate of turbulent kinetic energy dissipation and Reynolds stresses, but the effects of the con-
vection and diffusion in the Reynolds stress transport equation were handled collectively. The third model
utilizes equations of turbulent kinetic energy dissipation and Reynolds stresses in nearly exact form. All three of
the models were modified for the effects of streamline curvature. The second and third models include the ef-
fects of rotation through the rotation-originated redistribution term in the transport equation of Reynolds
stresses. The numerical results for the wakes of airfoils, cascades, and turbomachinery rotor blades demonstrate
that the second and third models provide accurate predictions, but computer time and storage can be con-

siderably saved with the second model.

Nomenclature

C =chord length of blade

C,,C,Cy,,C,,

C...C..v.C, = constants in turbulence closure models

g;8Y = metric tensor [Eq. (13)]

k = turbulence kinetic energy

P =uu;U i j

§4 = static pressure

p’ = fluctuating component of static pressure

»* =reduced static pressure [p— (p/2)r?Q?]

S =Dblade spacing (Fig. 6)

8:,8,,8; =various forms of the source term in the

energy dissipation equation

s,r,b =curvilinear coordinates (streamwise,
normal, and radial direction, Fig. 1; s=0,
r=0is at the trailing edge of blade)

s,n,r =streamwise, normal, and radial directions
for rotor wake (Fig. 11)

Uv,w =streamwise, normal, and spanwise mean
velocities (Figs. 1, 6, and 11)

u,v,w =fluctuating velocities in streamwise,
normal, and spanwise velocities (Figs. 1,
6,and 11)

Uiul =contravariant mean and fluctuating
velocity component [U,V,W,u,u,w in
(s,r,b) coordinates]

R; =Richardson number for the curved tur-

o bulent flow

uint = turbulence intensity with components u?
v2, w2, ins,r,b directions

uin/ =shear stress with components uv, uw,

and vwin (s,r,b) coordinates

Q =angular speed of rotor

Q; =angular velocity of rotor [{,,2,Q, in
(s,n,r) coordinates]

B =angle between machine axis and
streamwise direction (Fig. 11)
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o, =Kronecker delta

€;js €K = permutation tensor

v =kinetic viscosity

p = density

T = Christoffel symbol of second kind
Subscripts

o =values in the freestream

s,r.b =streamwise, normal, and radial com-
ponents, respectively (Fig. 1)

t =values at blade tip

c =values at wake center

Superscripts

O) =average value
()’ = fluctuating quantity

Introduction

HE turbulence structure of the wake developing under the

influence of streamline curvature and rotation is different
from that of the wake without these effects. For accurate
prediction of turbulent wakes, the effects of curvature and
rotation should be accounted for properly in the turbulence
closure models for the governing equations. A detailed
comparison of various turbulence models for wakes without
the effects of curvature and rotation has been given by
Launder et al.! and Pope and Whitelaw.2 Therefore, the
present study will concentrate on modeling for the effects of
curvature and rotation.

The effects of streamline curvature in a turbulent flow were
first recognized by Prandtl,? and many investigations have
been carried out since then. Experimental investigations (e.g.,
Patel,* So and Mellor,5 and Castro and Bradshaw®) have
shown that the turbulence structure, as well as the mean
velocity profile, is changed considerably due to the effects of
streamline curvature. The measurements in the turbulent
wakes of a single airfoil at various incidence angles by Hah
and Lakshminarayana’ showed that the decay rates of mean
velocity and Reynolds stresses depend on the streamline
curvature. A comprehensive review on the effects of
streamline curvature in the turbulent flow is given by
Bradshaw.® Various proposals to include the effects of
streamline curvature in the modeling of turbulent flow have
been made. Prandtl?® suggested a modification of mixing-
length theory. So® proposed a turbulent velocity scale for
curved shear flows. Bradshaw!® incorporated the effects of
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streamline curvature by using the mixing-length concept and
the analogy between buoyancy and curvature effects. Launder
et al.!! modified the two-equation turbulence closure model
for the effects of streamline curvature.

Extensive data were recently reported!>!5 on the wake
affected by rotation; but very few theoretical investigations
have been made that fully account for the effects of rotation.
A comprehensive review on the effects of rotation is given by
Johnston.!? Experimental investigations by Raj and
Lakshminarayana,!®> Reynolds et al.,' and Ravindranath
and Lakshminarayana !5 have shown very high radial intensity
in the wake of rotating blades. This high radial intensity is due
to the effects of rotation on the turbulence structure.
Majumdar et al.!6 used the two-equation turbulence closure
model for the calculation of the flow in the rotating duct and
reported that their predictions were not quite satisfactory at
high rotational speed.

The objective of this discussion is to compare the per-
formance of three different turbulence closure models for the
effects of streamline curvature and rotation. The first model
comprised two transport equations for the turbulent kinetic
energy and the rate of turbulent energy dissipation. The
second and third models use the transport equations of
Reynolds stresses and the rate of turbulent kinetic energy
dissipation. In the second model, the diffusion and convection
terms in the Reynolds stress transport equations are handled
collectively. All three models were further modified for the
effects of streamline curvature. The effects of rotation were
included in the second and third models through the rotation-
originated redistribution term in the transport equations of
Reynolds stresses on the rotating curvilinear coordinate
system.

Governing Equations

The equations governing the steady, incompressible, and
fully turbulent flow relative to a coordinate system rotating
with angular velocity ; are introduced in generalized tensor
form.

The continuity and momentum equations are, respectively,

Ui=0, ul;=0 0]

U, s w2k U = -5 2 e Ul @)
> s Yk 0 3’ jk 2 jk

where U', 1/ are mean and fluctuating contravariant velocity
components.
The transport equations for the turbulence closure which
make up the three turbulent closure models are as follows.
First model: two-equation model

. 6k ok
Ui — ( eff ) -
axi axi o, ox' +P-e @
. Je d (v O€ €?
U—= s (“‘ﬂ —> S— e 4
ax = axi \g, axi) T35 Ce @

where

Ve =C k2 /e, P=—~uu; uu, U

L k=Vegou'u

—ulw =p i (UL + UL, — YakgV
and § is the source term in the transport equation of the rate
of turbulent kinetic energy dissipation. Two forms of S were
utilized and the results with each form were analyzed. The two
forms of Sare

S, =C,,(e/k)P (52)
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and
e?2 -—
Sz=C,k—3 (u’uf—-z/akbij)(ufu‘—z/skaj,-) (5b)

Second and third models: Reynolds stress models. The
second and third models utilize the simplified form of the
transport equations of Reynolds stress. The pressure-strain
correlation term in the transport equation of Reynolds stress
is modeled following the proposals by Rotta!” and Naot et
al. ® Furthermore, the rate of turbulence energy production,
which appears in the modeling of mean-strain effects in the
pressure-strain correlation is replaced with the rate of tur-
bulent kinetic energy dissipation. The second and third
models differ only in the handling of convection and diffusion
terms. The convection and diffusion terms are handled
collectively in the second model; the effects of the two terms
are assumed to be proportional to the production term and the
magnitude of the effects is corrected at each iteration.

The third model includes the individual effects of con-
vection and diffusion and is similar to the equation used by
Launder et al.! for straight nonrotating flows. But the
rotation-originated redistribution term was added in the
turbulence closure equation.

Second model: simplified Reynolds stress model. The
equation used for this case is given by Hah and Laksh-
minarayana 1

0= (I+C)(—u Ul —u ' U5 ) (1 —y) —2(e™Quu,, u/

+emQou,u') — Yigie(I—v) —Cy, (e/k) (u'u/ — %gik) (6)

where C, relates the collective effects of the convection and
diffusion terms to the production terms, and v is constant
related to the pressure-strain correlation due to the presence
of mean strain rate.

Third model: full Reynolds stress equations. The complete
Reynolds stress equation (with suitable modeling for pressure-
velocity correlation, etc.) is given as follows !?

Ukuiud , =[C (k/e)uu, (w'u!), 1, + (—u /UL,
—u U5 ) (1 =) = 2(e™ Quu 07 + e Quu,u’)
—%gie(l—y) —Cyy (e/k) (u'u/ — %g¥k) )

The values of constants in Eqgs. (3-7) were not optimized for
the present curved wakes; the values used by Pope and
Whitelaw? were adopted. A value of 1.8 for C, in Eq. (5) was
used in the present calculation.

Various turbulence models used in this investigation are
tabulated in Table 1. Nine different turbulence models, shown
in Table 1, were evaluated for the prediction of isolated
airfoil, cascade and rotor wakes.

Modification of Turbulence Closure Models for
Effects of Streamline Curvature and Rotation

The effect of streamline curvature on a fluid flow has been
qualitatively explained with the motion of a disturbed element
of fluid. The argument based on incompressible, inviscid fluid
is as follows. The effect of streamline curvature is to stabilize
the flowfield and consequently diminish the turbulent trans-
portation when the angular momentum increases with the
radius of streamline curvature and vice versa for the opposite
case. Quantitatively, the following expression can be derived
for the criterion of stability

2—q~—(U)- ((—]ﬂ+w)

dr  r?

®

where w is the corresponding frequency, U circumferential
velocity component and r the radius of curvature. The
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Table1 Turbulence closure models with different forms
of source term in the equation for rate of turbulent
kinetic energy dissipation

Source term in the dissipation Eq. (4)

Turbulence models M S, S;

k—e[Eqs. (3) and (4)] kel ke2 kel

Modified Reynolds stress MRSM1 MRSM2 MRSM3
[Eqs. (3), 4), and (6)]

Reynolds stress RSM1 RSM2 RSM3
[Egs. (4) and (7)]

flowfield is stabilized by streamline curvature when w has a
real value. For most thin shear flow, the first term is
dominant. The turbulence closure models with the con-
ventional dissipation equation [with the source term, Eq. (5a)]
have been widely applied and criticized for poor prediction of
curved flows (e.g., Refs. 8 and 11).

The existing prediction techniques for curved turbulent
flow utilizing the turbulence models with the conventional
dissipation equation [with the source term, Eq. (5a)] are
considered to be inadequate. This is caused by the inap-
propriate form of the dissipation equation which is based on
unproven assumptions and tested with only straight flows.

To represent the effect of streamline curvature properly,
the rate of energy dissipation should be increased where the
angular momentum increases with the radius of curvature and
decreased where the angular momentum decreases with the
radius of curvature. For the coordinate system shown in Fig.
1, the production term in Eq. (3) is, neglecting high-order
stress terms,

®

and if higher order curvature terms including s/r? are
neglected,

P=—y?—
as ar

— U _53V —<6U v U)
-v?— —uv( — +
ar 0s r

b,W,w

nV,v

s,U,u

Fig. 1 Coordinate System and typical nodes for the wake of an
airfoil.
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and for the first model,

aU\2 avy\2 aU\2
R”mP(&)*4(5)+(5)

() v _uau)
as ar ds

ras r or

The above expression can be further simplified for the thin
shear layer with small pressure gradient in the normal
direction,

aU\2 UdU
P”mKa)—;x] (10)

The second term of the above expression has the same form as
the principal term of Eq. (8) and represents the curvature
effect that was discussed qualitatively. As will be shown in the
next section, the turbulence closure models with the con-
ventional dissipation equation [with the source term, Eq. (5a)]
does not predict curved turbulent wakes accurately even
though the transport equations are in the curvilinear coor-
dinate system. Referring to Eq. (3), it is clear that the tur-
bulent kinetic energy increases with a decrease in angular
momentum (rU). However, the dissipation rate also increases
when the production of kinetic energy is used as the source
term in the transport equation of the energy dissipation rate
and the overall effect of curvature is not included adequately
in the turbulence modeling.

Chambers and Wilcox ?® proposed modification of the first
model for the curvature effect. They suggested modification
to the turbulent kinetic energy equation by adding extra
singular terms for the effects of streamline curvature.
However, these modifications do not change the rate of
energy dissipation adequately, and do not fully account for
the curvature effect for the present set of data. ,

Two different dissipation equations were tried for better
prediction of curved turbulent wakes. As Lumley and Khajeh-
Nouri?! argued, the production term can be used as source
term in the dissipation equation with the assumption that

(—uiuj_%kaij)o:(Uij+Uf;,~)

This assumption is not valid when the flowfield is affected by
streamline curvature and rotation; therefore, the exact source
term

(uiu/ — Yakd;) (uiu' —%kd,;)

by Lumley and Khajeh-Nouri2! was utilized. To make the
dimensions correct, the following source term was used for
the present calculation:

2 —_— —_—
SZ:C'/%? (Tl — kb ;) (ulu’ — %sks;,) a1

which is given as the second form of the source term in Eq.
@.

Also, a modification of the conventional dissipation
equation was tried to represent the curvature effect more
accurately. The coefficient of the source terms which includes
production of energy was modified as follows,

S§;=C,,(1+C_.R;)(e/k)P (12)
where
Ri=l_c£3(rU)
er or
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and can be interpreted as the Richardson number in curved
turbulent flow. The constant C, relates the streamline cur-
vature to the local dissipation rate, and the optimized value
with the available data was 0.03.

Qualitative analysis of the effect of rotation on wake
development was given by Lakshminarayana and Reynolds. 22
The total turbulent kinetic energy is not changed by rotation,
but the kinetic energy is redistributed by the rotation when the
turbulence is not isotropic. Hah and Lakshminarayana!®
included the effects of rotation on the turbulence structure in
their calculation of turbulent wakes of rotor blades. The
effect of rotation depends on the local structure of turbulence,
and it is not sufficient to adopt a simple parameter (like the
Rossby number) to represent this effect on the turbulence
closure scheme. Therefore, no attempt was made to modify
the first turbulence closure model for the effects of rotation.

The second and third closure models include the effect of
rotation through the rotation-originated redistribution term
in the transport equations of Reynolds stresses. Various
turbulence closure models used for the present investigation
are shown in Table 1.

Solution Algorithm

The continuvity and mean momentum equations [Egs. (1)
and (2)] along with turbulence closure equations [Egs. (3), (4),
(6), or (7)] were solved in elliptic form. At the near weak
region, the streamwise velocity gradient (9U/ds) is of the
same order of magnitude as the normal velocity gradient
(@U/dr) and none of the shear stress components are
negligible. Therefore, the conventional boundary-layer
assumption can not be invoked in this region. The parabolic
marching technique does not produce accurate predictions.
The initial values of unknowns were obtained by parabolic
marching technique, then the values were corrected
iteratively. A total of 120 nodal points were used in the
normal direction for the wake of a single airfoil and cascade.
Up to 216 nodal points were used in the normal direction for
the three-dimensional wake of a rotor blade, and no wall
function was utilized in the wake center region. The tur-
bulence kinetic energy and the rate of energy dissipation were
handied as diffusion terms in the first and second models. In
the second model, the Reynolds stress components were first
computed using Eq. (6) and the values of U, k, ¢ at the
previous iteration. The governing equations were solved with
these Reynolds stress components. Typical positions of grid
nodes are shown in Fig. 1. In the third model, the shear stress
nodes were located between the adjacent nodes in the normal
direction to provide stability in calculation. About 20
iterations gave converged values for all closure models. Figure
2 shows calculated values at different iterations for the wake
of a single airfoil with the second turbulence closure model.

/
Uc Uoe
1.0
0.8 o
0.6 b
04 '7 o Experiment (Ref. 7)
) s — -——Ist iteration
- ——-S8thiteration
0.2 e | 8th iteration
o A A A A A A A I}
o] 0.4 0.8 1.2 1.6

Fig. 2 Wake decay predictions at various iterations.
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About 20 s were necessary for each iteration with the first
model on IBM 370/3066 at The Pennsylvania State
University. The second and third models require about 20 and
50% more computing time, respectively.

Predictions for the Wake of a Single
Airfoil and Cascade

For the calculation of curved turbulent wakes of a single
airfoil and cascade, the curvilinear coordinate system shown
in Fig. 1 was used. r is the distance from the origin of cur-
vature, s is the streamwise distance on the specified path, and
n is normal to s and r. With this coordinate system, the actual
streamline of wake can be closely represented. This coor-
dinate system forms part of the coordinate system for the
calculation of the wakes of the single airfoil and the cascade
blade. The fundamental metric tensor for this coordinate
system is

- - R -
R F += 2 0
r r
s s? i |8
g&i= | — 7 1+ 72 0 gyv= ; 1 0
0 0 1 0 0 1
L i L ]
(13)
Christoffel symbols of the second kind are as follows,
1 52
I‘u'—"";;: I‘gl'_:—;’ I‘12=‘F52"73‘
s s3
F51=;3: I‘52=—;; (14)

All other Christoffel symbols of the second kind are zero.

The comparison between measured and predicted
characteristics of a wake was made using the data of Hah and
Lakshminarayana.” The blade shape used in Ref. 7 was
NACA 0012; the other parameters are: chord length of 0.2 m,
Reynolds number of 3 X 10° based on chord length, 0.4% of
freestream turbulence intensity. The measurement included
mean values of streamwise and normal velocities and the
Reynolds stress across the wake at various streamwise
locations for several incidence angles. The inlet value of each
dependent variable (except dissipation) was obtained from the
experimental data. The dissipation was assumed to be equal to
the production of turbulent kinetic energy at that location.
The calculated profiles of velocity without curvature
modification are given in Fig. 3a. The experimental data are
given for comparison. The results with curvature
modifications are also given in Figs. 3b and 3¢c. Comparison
of shear stress is given in Fig. 4. The figures show that the
three turbulence models do not predict the mean velocity and
shear stress profiles accurately when the conventional
dissipation equation with source term [Eq. (5a)] is used. All
three models predict higher shear stress at pressure side and
lower shear stress at suction side than experimental data. But
this discrepancy between theory and experiment disap-
peared by modifying the coefficient of the conventional
source term, Eq. (12), or by adopting the exact source term,
Eq. (11). All three models predicted almost identical results
for mean velocity and shear stress when the modified
dissipation equation was used. The calculated values of
turbulence intensities with three models are shown in Fig. 5.
For the wake with streamline curvature, the first model
predicted almost identical values for the three intensity
components, and the profile was corrected when the modified
or exact source term was used in the dissipation equation.
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Fig. 3 Streamwise velocity profile for an isolated airfoil wake at
§/C=0.03. Experimental data from Ref. 7. Refer to Table 1 for
details of various turbulence models used.
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Fig. 4 Shear stress profile for an isolated airfoil wake at s/C=0.03.
Experimental data from Ref. 7.
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Fig. 5 Relative turbulence intensity profiles for an isolated airfoil
wake at s/C=0.03. Experimental data from Ref. 7.

The second and third turbulence closure models with
conventional dissipation equation [with source term of Eq.
(5a)] predict a higher intensity level in the pressure side and a
lower intensity level in the suction side than do the ex-
perimental data. However, the discrepancy between
prediction and experiment was considerably decreased by
modifying the coefficient of the conventional source term or
by adopting the exact source term. As discussed previously,
the production of turbulent kinetic energy cannot be used as a
source term in the dissipation equation, especially for the
turbulent flow with streamline curvature.

The wakes of a cascade measured by Raj and Laksh-
minarayana?* were calculated for further comparison. The
blade profiles were similar to the NASA-65 (8A,14,) 10 blade
section, and other important parameters are; solidity
C/85=1.505, inlet angle 8, =45 deg, incidence i=6 deg, and
Reynolds number based on chord=3x105. The upstream
velocity and freestream intensity were 24 ms ~! and 0.16%.
Because the experimental data did not provide spanwise
intensity, the energy distribution at inlet boundary was
guessed with available single airfoil wake data. Also, the rate
of turbulent kinetic energy dissipation was assumed to be
equal to the production of energy. Because of the charac-
teristics of the flow around a cascade, the periodic boundary
condition was applied between corresponding points in
normal directions; the flowfield and coordinate system are
shown in Fig. 6. Figures 7a-c show predicted mean velocity
distribution with three turbulence models. The comparison of
shear stress is given in Fig. 8. The modified turbulence closure
models show substantial improvement in prediction compared
to original closure models, and all three of the models predict
almost identical results if they are properly modified. The
predicted intensity distributions are shown in Fig. 9. The first
model predicted only isotropic intensity values, although the
trend was improved by modifying the conventional source
term for curvature or adopting the exact source term in the
dissipation equation. The second and third models provided
better predictions for individual components, and im-
provements were observed when the dissipation equation was
modified. The discrepancy between theory and experiment in
the distribution of streamwise intensity near the center of the
wake is not explained at this stage. It may be due to scattering
in measurements or to improper turbulence modeling. The
trajectory of wake centerline is shown compared with
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Fig. 6 Coordinate system for the wake of a cascade.
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Fig. 7 Streamwise velocity profile for a cascade wake at s/C= 0.08.
Experimental data from Ref. 23.

predicted values in Fig. 10. Even though the curvature seems
moderate, its effect on turbulence structure as well as mean
velocity is appreciable.

Prediction for the Wake of Rotor Blades

To compare the performances of turbulence closure models
for the combined effects of streamline curvature and rotation,
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Fig. 8 Shear stress profile for a cascade wake at s/C=0.08. Ex-
perimental data from Ref. 23.
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Fig. 9 Relative turbulence intensity profiles for a cascade wake at
s/C=0.08. Experimental data from Ref. 23.

the three-dimensional wakes of rotor blades were computed.
The flowfield and coordinate system are given in Fig. 11. The
radial velocity component is generated by centrifugal and
Coriolis forces in the boundary layer. The detailed derivation
of governing equations in this coordinate system and
numerical calculations with conventional dissipation equation
are given by Hah and Lakshminarayana.!® For general three-
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Fig. 10 Locus of wake center (minimum velocity) for a cascade,
Experimental data from Ref. 23.

dimensional flow, nine components of curvature exist. For
flows with multiple components of curvature, the correction
method with simple parameter, Eq. (12) cannot be used.
Three major components of curvature are considered for the
present flow, because the flow develops approximately on the
helical path on the cylinder as shown in Fig. 11. One is due to
machine radius, and this component dominates when the
boundary-layer thickness on the blade is large compared to
the machine radius. The second is the curvature of the
streamline on the cylindrical surface, and this component was
mainly considered in the calculation of the wake of a single
airfoil and cascade. The third component of curvature is due
to the radial variation of angle 8 of Fig. 11. For practical
shape of compressors, this component cannot be neglected.
The predictions with the conventional dissipation equation
[with the source term, Eq. (5a)] and the prediction with exact
source term in the dissipation equation (11) are compared for
the combined effects of the streamline curvature and rotation.
Because of the limitations of computer storage, the third
turbulence closure model was not tried for the prediction of
this flow and the comparison was made with only the first and
second models.
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Fig. 11 Coordinate system for the calculation of turbomachinery
rotor wake.

The experimental data by Ravindranath and Laksh-
minarayana !> were used for comparison. The experiment was
done in a single-stage compressor with moderately loaded
blades. Some relevant data on the compressor and the
operating conditions are; hub/tip ratio=0.5, rpm = 1066,
number of blades =21, incidence at midradius =7 deg, stagger
angle at midradius = 50 deg, ratio of blade chord to spacing at
midradius =0.6. Ten radial stations were used to calculate the
flowfield and the periodic boundary condition was applied.
The measured values were used as the boundary condition of
elliptic calculation. About 20 iterations gave reasonable
convergency and the computing time was up to 30 min.
Figures 12 and 13 show the calculated profile of mean
velocity. These results indicate that both the streamline
curvature and rotation affect the development of the wake.
The first model, which does not include the rotation effect in
modeling, does not predict accurate values even if the cur-
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Fig. 14 Profiles of —uv/U? andVu2 /U for a rotor blade wake at
r/r, =0.8. Experimental data from Ref. 15.
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Fig. 15 Profiles of —vw/U? and Vw2 /U for a rotor blade wake at

r/r, =0.8. Experimental data from Ref. 15.

vature effect is included. Figures 14-16 show the calculated
distributions of Reynolds stress. Here again, the first model
does not predict individual intensity components. The second
turbulence closure model predicted quite accurate values of
all Reynolds stress components.
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Fig. 16 Profiles of —~uw/U? and VoZ /U for a rotor blade wake at
r/r, =0.8. Experimental data from Ref. 15.

Concluding Remarks

Two- and three-dimensional asymmetrical turbulent wakes
were calculated numerically with three different turbulence
closure models. The transport equation for the rate of tur-
bulent kinetic energy dissipation was modified to represent
the effect of streamline curvature. The exact form of the
source term in the dissipation equation was used in place of
the conventional production term for curved flow. Also, the
coefficient of the conventional source term was modified to
represent the curvature effect. The effect of rotation was
included in the calculation through the rotation-originated
redistribution term in the transport equation of Reynolds
stress. The first model was not modified for the effect of
rotation. The calculated results show that the curvature effect
can be properly included by all three models and the mean
velocity and shear stress can be predicted accurately with these
models. For the flow which develops under the effect of
rotation, the second and third models predicted better results
as compared to the first model.
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Turbulent flows involving injection and mixing occur in many engineering situations and in a variety of natural
phenomena. Liquid or gaseous fuel injection in jet and rocket engines is of concern to the aerospace engineer; the
mechanical engineer must estimate the mixing zone produced by the injection of condenser cooling water into a waterway;
the chemical engineer is interested in process mixers and reactors; the civil engineer is involved with the dispersion of
pollutants in the atmosphere; and oceanographers and meteorologists are concerned with mixing of fluid masses on a large
scale. These are but a few examples of specific physical cases that are encompassed within the scope of this book. The
volume is organized to provide a detailed coverage of both the available experimental data and the theoretical prediction
methods in current use. The case of a single jet in a coaxial stream is used as a baseline case, and the effects of axial pressure
gradient, self-propulsion, swirl, two-phase mixtures, three-dimensional geometry, transverse injection, buoyancy forces,
and viscous-inviscid interaction are discussed as variations on the baseline case.
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