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SECTION I

INTROCUCTLON

In the design of the advanced gas turbine engines, which will power

the Nation's future aircratt, there are numerous fluid flow and heat

. e
transfer phenomena which need to be better understood. As gas turbine ]
operating speeds, temperatures, and pressures increase, the heat loads ff:

"-..v'
on the turbine blades increase which can result in high metal tempera- R
. o
R tures and structural failure caused by thermal stress concentrations due :‘%
i
to severe thermal gradients. To reduce the effects of these heat loads, Ag
5‘
cooling air is extracted from the compressor and is routed through small fﬂ}
g
rectangular cooling passages within the turbine blades. -
~
O
The cooling air enters the root of each turbine blade and flows i:ﬁ
3
through compiex, serpentine passages until it exits through the blade's ft‘

~

surface intu the cavity surrcunding the turbine rotor—-stator. Since the : :.
'.:f
pressure drop, and thus the mass flowrate, along these cooling passages RS
e
is limited by the pressurc differentiai between the compressor and the :;j‘

turbine stage, methods other than increased coolant flow, such as the gh\'
Y
o
i o’
introduction of turbulators, must be used to enhance the heat transfer. bf:
\:ﬁ
These turbulators or turbuleuce promoters, which consist of ribs :a:
. : . . , ) 4
protruding from the walls of the internal cooling passages, increase the P*
o\
)
turbulence level within the cooling air tflow and thus augment the rate e

oy
7

AR A A A

of energy trsusfer from the turbine blade through the cooling passage

Thus, the resulting coolant flows

wall and into the cooling air flow.

contain many complex phenomena wlhiich are not adequately included in the

The detailed modeling

current heat transfer design of turbine blades.

of these flows is essent.al to the accurate prediction of the

distribution of the locu! heat transfer coefficient along the cooling

1
;,.d!.ﬂ!'a
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passages. Such prediction is necessary to achieve a thermal design of
these components which incorporates efficient cooling and thereby
alleviates the effects of the increased heat load.

There have been numerous experimental and analytical studies of the
fluid flow and heat transfer within straight rectangular ducts which
simulate the flow within the internal cooling passages inside a turbine
blade. Several investigators have studied the phenomena of secondary
flows in ducts with noncircular cross section. These secondary flows,
transverse to the main flow direction, are composed of eight counter-
rotating vortices which convect momentum, vorticity and total energy
into the corners of the duct.

in an early study, Gessner and Jones [6] utilized hot wire
anemometry to study secondary flow effects in fully developed turbulent
air flows within rectangular channels. They studied flows in channels
with smooth internal surfaces and reported that the secondary flow
velocity, when normalized by the axial mean flow velocity, decreased
with increasing Reynolds number. They also deduced that secondary
flows, composed of eight counterrotating streamwise vortices, are caused
by an imbalance between Reynolds stresses and static pressure gradients.
However, they presented no heat transfer results.

Launder and Ying [l0] expanded upon the work of Cessner and Jones
{iows in a

6] by again using hot wire anemometry to study secondary air

duct of square cross section. llowever, they considered ducts whose

surfaces were roughened with transverse mounted square turbulators and

concluded that the secondary flow velocity, when normalized by the

average friction velocity, became independent of Reynolds number and

surface roughkness. Again, no heat franster results were reported.
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Later, Gessner [5) reported a detailed analysis of the mechanisms o
D,
aAld
which initiate secondary flow in developing turbulent air flow along a &
"
"AS
corner. He concluded that transverse gradients of the Reynolds shear BCW:
s
stress components are responsible tor the generation of secondary flow g&t
W
within turbulent flows along a corner. Also, he reiterated that ;
N
seconaary flows act as a significant convective transport agent of the e
!'.::;
momentum, vorticity and total energy of the main axial motion. : )
et
., ?
Melling and Whitelaw [12] were the first investigators to apply R
: . WY
. laser-Doppler anemometry to the study of secondary flows within 2&

developing turbulent flow inside rectangular ducts. They used water as
the working fluid and their results confirm the qualitative results
published by earlier investigators but they indicated quantitative
differences. Their data are valuable for the verification of
mathematical turbulence models. Also, their work showed that the
developing flow is much more sensitive to inlet conditions than is a

nominally fully developed flow. They did not study heat transfer

effects.
In summary, the focus of the above mentioned experimental j}ﬁ
investigations was upon the cause and structure of secondary flows e
<0
within turbulent flows inside rectangular ducts. None of these o
investigations studied the heat transfer phenomena occurring within these ;&
r":. X
duct flows. T
o
Experimental studies nere closeiy related to the thermal design of i{ﬂ
LIRS
. . . . L ' - ]
turbine biade cooling passages began to appear in the 1980's. TFor A
. -, R
example, Han [7] studied the v¢ficcts of squdare turbulator peometry upon o)
I‘.~
the heat transfer coefticient and friction factor in fully developed 63
w
turbulent air flow through a square duct with twu opposite ribbed walls. o
0

%-.
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He used a blower to force room air through a test sectilon consisting of R
L%
't
four heated aluminum plates of which the two vertical plates were ®
‘H
ribbed. The heaters were independently controlled so as to provide a '-’
'
. . )
controllable constant heat tlux throughout the test section. The test .::::
¢
section was instrumented with thermocouples and pressure taps while the
inlet air flowrate and temperature as well as the exit air temperature T
were monitored. The friction factor was determined from the pressure e
drop data and the Stanton number was determined from the air and wall .'
P
. temperatures with the constant wall heat flux as a known boundary A
T
condition., In this investigation Han studied the effects of rib height ,A:
o
h"."‘ .
to equivalent duct diameter (H/D) and rib height to rib pitch or spacing :
along the duct (H/P). He reports that both the friction factor and the :-:ﬁ
P
W
. . . . : ; . , -
Stanton nurbher increase with increasing H/D and likewise for increasing 'r"':
-
e
H/P. He also presents an empirical prediction method for determining g
the friction factor and the Stanton number for flows with this geometry. :-:
In an additional study using the same experimental techniques, Han ;_\::
u"_-
. . . . .N'f
et al [9] investigated tlie combined effects of rib angle of attack (a) <Y
and rib hei;l.t to pitch (H/P). They report that th¢ maximum heat 5;.:
LY
L
Lo . HEN
transfer and friction factor occurred at u of 60-75 degrees. They also \:'_\
g
report that us o decreased tfrom 90 degrees to approximately 45-30 e
d
degrees, . e heat conductance, at a constant pressure drop, increased to Fo
-:\
its maximum value while thie pressure drop required for a constant heat :J‘:
-._‘.
transfer rate decreased to its minimum value. Thus, it appears that an :J‘:'
.'
: - . . .
angle of attack in the range of 45-30 degrees produces the optimal Qv
Oy
thermal perfourmance for o given axia. pressure drop. They also report R
N
that as the H/P ratio decreases the same trends are evident but are ~ "-
“ LY
relatively reduced. ..
%", ~ ]
g INES.
] oo
'.f" - -'*i‘
[) ‘* ' 'n\.~
N N
N '!:A 1 ':\:
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Finally, Han et al [8] measured the combined effects of rib angle

of attack (a) and duct aspect ratio. Whereas previous work by Han had
been concerned with ducts of square cross section, this study involved
rectangular ducts whose ribbed walls were Z to 4 times wider than their
smooth walls. They found that, for this type of duct, the heat transfer
and friction factor varied only slightly as a varied from 45 degrees to
90 degrees, with the maximums occurring at o equal to 90 degrees. They
also found that the heat transfer and friction factor increased as the
width of the ribbed wall increased relative to the width of the smootrh
wall.

Several numerical studies of the flows in rectangular channels with
turbulators have also been reported. For example, Durst and Rastogi
[3] performed both experimental and numerical studies of the turbulent
flow over a transverse mounted squdare turbulator in a two dimensional
channel, Their experimental work involved the use ot a one dimensional
laser-Doppler anemometer to measure turbulence characteristics in a
plane two dimensional water channel. They usea the TEACH numerical
algorithm with a K~£ turbulence model to simulate the two dimensional
flow in the recirculation region near the turbulator. However, the
velocity and turbulence profiles near the wail as well as the wall shear
stress anc hence the heat transter at the wall were all determined by a
"law of the wall" rather than calculate« as part of a detailed numerical
analysis.

Fujita et al [4] numerically analyzed fully developed turbulent
flow in a square duct with two oppusite roughened walls., They used a
stream function-vorticity formulation to solve for the flow fieid in

plianes orthogonal to the main flow direction anu tlhicn marched tbhis
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solution in the streamwise direction. Their results show the presence
of only four streamwise vortices rather than the eight reported by the
experimentalists mentioned above. Also, their calculations were
performed on a very coarse 1l by 11 uniform mesh over a quadrant of the
cross section of a rectangular duct and hence do ot capture much of the
detail of the heat transfer phenomena near the solid wall.

Linton and Shang [ll] investigated jet impingement cooling of
turbine blades in a rotating frame of reference. They numerically
solved the laminar three-dimer.sional, compressible Navier-Stokes
equations to yield a description of the flow field for both rotating and
stationary cases. However, their calculations omitted both the effects
of turbulence and surface roughness.

In conclusion, the authors feel that there remains a need for the
detailed numerical modeling of the heat transfer and fluid flow
processes very near the fluid-solid interface. This paper reports on an
initial, two dimensional modeling effort which begins to address this
need. In terms of leng range goals, this detailed numerical model will
be expanded to include the effects of rotation, multiple turbulence
promoters and three dimensional secondary flows. In this way, 3s more
detail and completeness is added to the model, the local heat transfer
rate along the cooling passage will be more accurately predicted,
thereby enabling the optimization of cooling configuration design prior
to full scale prototype testing and aL & greatly reduced cost. This
optimal heat transfer design wiil result in lTower metal temperatures and

reduced thermal gradients, thus enah'ing the turbine hlades to withstand

the increased operating conditions necessar:: to impreve engine cff{iciency.
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SECTION II

THE NUMERICAL MCDEL

A. Computational Domain

In this initial numerical study of the fluid tlow and heat transfer
in a turbine blade internal cooling passage, attention is focused on a
two dimensional flow over a single turbulator of approximately square
cross section which protrudes upward from the floor of the passage,
transverse to the main flow direction. The X-covordinate is oriented
along the length of the passage, coincident with the bulk flow direction
while the Y-coordinate is oriented in the direction of the turbulator
height, normal to the passage floor. This two dimensional
approximation, which greatly reduces the computational complexity and
cost, is considered to be sufficient for this initial study. The
accuracy of this two dimensional assumption increases as the passage
aspect ratio (height/transverse width) decreases and is a very
1 asonable numerical approximation to the experimental study reported by
Han et al [8| for a passage aspect of 0.25.

An outline of the computational mesh or domain is shown in Figure
1. The main flow direction is from left to right with the left and
right bousddaries being the inflow and cutflow boundaries, respectively.
The lower boundary is a ©olid wall boundary while the top boundary is a
symmetry bourdary which simulates the centerline of the flow passage.
The turbulence promoter or rib is medelled as an obstruction protruding
upward from the bottom boundary with a flat top whose length in the
streamwise direction is cqual to its height. The npscream and down-

stream faces of the rib "re modellea as sin {(x = 2Y/(2 - rib height)]),
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so that the total width of the rib is three rib heights, measured from

the point of departure from horizontal to the point of return to
horizontal.

The computational domain extends 20.0 rib heights in the streanwise
X-direction and 4.2 rib heights in the vertical Y-direction with the
upstream face of the rib beginuing its departure from horizontal at
approximately 4.0 rib heights from the inflow boundary. There are 100
grid lines in the X-direction, clustered around the turbulence promoter
with the distance between grid lines growing geometrically from an
initial spacing of 0.1 rib heights. There are 60 grid lines in the
vertical Y-dIrection with 44 within the first rib height which is well
within the inrbulent boundary layer. The mesh spacing grows in the
Y-direction as a geometric progression from an initial spacing of 0.0l
rib heights. From this description, it can be seeun that the
computational mesh has very high resolution and is capable of revealing

considerabic detail of the flow field ard heat transier near the

turbulence promoter.

B. Gove: 1y Equations

The poverning equations for this simulation consist of the two
dimension.:l, Reynolds averaged form of the following turbulent,
- continuitv, viscous Navier Stokes,

compressi’ ., unsteady equations

and energ:.:

J >, > ()

Tl (pu) =0

3(pu) ()
pu T . oYty - B
T + v (puu ) (

ALY, LAV (ouJ - e Ty ;) = U (3)
Jt
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The dependent variables in these equations are the time averaged values
of density, x-momentum, y-momentum and total energy: p, pu, pv, and
pe = p[ch + 3 (uf + v3) ).

The Reynolds averaging of the turbulent equations produces
components of Reynolds stress which appear in the stress tensor, T, and
correlations of velocity and temperature fluctuations which appear in
the heat flux vector, E. The required turbulence closure is achieved
through the use of the Baldwin-Lomax form of tlie Cebeci-Smith algebraic
two layer eddy viscosity model [1]. The Reynolds stress components are
then modelled as the product of the eddy viscosity, ¢, times the
velocity gradient of the wmean tlow while the correlations of velocity
and temperature fluctuations are represented with a turbulent Prandtl

number (Prt -~ 0.9):

Ju, ou, 2 ﬁui (4)
Tij = (14€) (5';_ + —J-BXi) - [3 (1:?‘&.)(5;3) + Pi] Ui']
B A L (5)
9 (p(Pr + Pr IX .
t i

Sutherlind's law is used to calculate the molecular viscosity of
air, u, as a function of temperature. The molecular Prandtl number, Pr,
is assumed tc have a constant value of 0.73 while the constant volume
specific h2at of air, c,t is taken to be 4:90.0 ft?/s?-°R; (y = cp/cv =
1,4). The equation of state is assumed to be the idecal pas law with the
gas constant for air equal to 17i6.0 [t¥/c<?-°R,

As si.wn in Figure 1, the (X,VY) coordinate svstem is a body ritted
coordinate system which is deformed to account for the rib on the lower

boundary. This deformed cocrd.nate syster recults in computational

cells which are not rectavgrlar bnt -ather distorted quadrilaterals. In
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order to maintain second order calculational accuracy in the spatial

% % Sy
LAV Y R

domain, a coordinate transformation is made to a uniform rectangular

"
D
n rid. By means of the chain rule, the governing equations in the O
(€,n) g y g & eq *
“
- J
transformed space can be written in conservation law form as follows: q;z
o
¢
ii)l.*.g ﬁ.g. _E)j+€ 3_6.4.“ _QE'.—_O (6) ]
at X 3E Nx on y 3¢ y an ;:‘
In Equation (6), Ex’ s Ey’ and ny are the first order partial ::,
Iy
o~y
derivatives of the transformed independent variables (£,n) with respect ;
R to the coordinates (X,Y), and the vectors ﬁ, ¥ and E are defined as 0
2
follows: s
b
0 2
.
-
s> = )Py e
U (7) e
pv )
Y
pe 00
)
o
gt ¥
(DU N
_Jou? - T t;\
f ' (8) ~a¥]
puv - Txy [ ]
=
(pe = 1_ Ju - vt + g o
\ XX Ry X o
Yy
!.“.A
v K
®
- Jouv - 1 3
C Xy (9) .n.::
v2 - 1 Ny
P yy g
- VWv - + v
(oo = 1yy IV = Uty F gy e
t\(
This set of equations along with the appropriuate boundary and initial e
n"
M/
conditions constitutes the mathematical model of the ccoling air flow -}r
e
~
o
through a rectangular passage with a turbulence promoter. ; '
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C. Boundary Conditions

Specification of appropriate and consistent boundary conditions is
essential to achieving a realistic and stable numerical solution for any
tluid flow or heat transier problem. In the current simulation there
are four boundaries which must be considerec¢: bottom, top, inflow, and
outflow, Since there are four unknowns, then at each boundary, four
conditions must be specified.

The bottom boundary, J = 1, is a solid, isothermal, no slip
boundary maintained at Twall = 580.0°R, which implies the following
conditions:

(pu) ;_, = (Pv);_; = 0 (10)

(Pe)jer = Pua11®vTwall (11
The assumption that the normal derivative of the pressure vanishes at
the wall, coupled with the specification of the wall temperature,
implies the following condition on the density at the wall:

_ _ (oT) .
(P el = Puall = —— J=2 (12

wall

The top boundary, .J = JMAX, which is tocated at the centerline of
the rectangular passage, is a symmetry boundary within the free stream.
Symmetry implies that the vertical velocity vanishes:

Since the top boundary is within the {ree stream, the horizontal

velocity, pressure, temperature, and density ere all equal to the free

stream vaiues which are specified us follows:

u, = 262.21 ft/s (14)
b, = 2116.8 1b /fc? (15)
T = 540.0°R (16)
P, = U.002284 1b es?/ (1" (17)
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These specifications imply the following boundary conditions:

Pomax T Pe (8
(Pu) Jvax = Pula (19)
(Pe) piax = Pa (€, Ty + b o(u)?] (20)

At the upstream inflow boundary, I = 1, it is assumed that the flow
experiences reversible, adiabatic acceleration from stagnation conditions
in a settling tank upstream of the inftlow boundary. To determine the
corresponding stagnation temperature and pressure, it is assumed that
the air in the settling tank contains the total energy of the free
stream. That is, the stagnation temperature and pressure are determined
by applying the first law of thermodynamics and Bernoulli's equation to
a reversible adiabatic total deceleration from the free stream velocity,
pressure, and temperature specified above in Equations (14) through
(16). The resulting stagnation temperature and pressure are thus
calculated to have the following values:

To

P
o

545,72°R (21)

2195.33 lbf/ft2 (22)
These upstream settling tank conditions are then used to determine the
inflow boundary conditions. First, it is assumed that the flow has been
conditioned prior to entering the rectangular passage so that iL enters
as parallel flow with no vertical component which imposes the following
boundary condition on vertical momentum:

(ov),_, =0 (23)
Second, it is assumed that the norma. gradient of the temperature
vanishes at the inflow which implies that the temperature is

extrapolated from the interior of the flow field:

Tr=1 = hie2 (s
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Thus, the horizontal velocity component can be calculated by applying
the first law to the reversible adiabatic acceleration of the air from

the settling tank:

/2 (25)

1
upey = [26,(T5-T))]

The isentropic pressure relation is then used to determine the pressure

at the inflow:

- v/y-1
P P (T,/T (26)

I=1 0

Finally, the boundary condition on the density at the inflow is given by

using the ideal gas law:

Pra1 = Py/ RypgTy) 27
and,

owp ) = pyu; (28)

(pe) oy = pyle Ty + 4 (u)?] (29)

At the downstream outflow boundary, I = IMAX, the pressure is
specified to be the free stream value while the normal gradients of the
velocities and total energy are set to zero which implies that the

values of these variables are extrapolated from the interior of the flow

field:
Prvax = Po (30)
UiMax T YIMAx-1 (31)
VimMax - ViMax-1 (32)
e.. = (33)

IMAx  “IMAX-1

The conditions on the velocities and the total energy at the outflow
imply a specification of the temperature at the outflow which in turn
implies a boundary condition on the density at the outflow via the ideal

gas law:
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Prax = Prmax / Rarr Timax) (34)
and,

(PW) rMax = PIMax“IMAX (35)

(Dv)IMAX = P rmaxV IMAX (36)

(Pe) puax = P1MaX®IMAX (37)

D. Initial Conditions

In the current simulation, no attempt was made to produce a time
accurate solution of the initial trausient of the developing flow.
Therefore, the initial conditions were used only as a starting point
from which the algorithm could begin calculation of a steady state
solution.

To this end, at the beginning of the calculation, it was assumed
that a turbulent boundary layer, two rib heights in thickness, §,
existed throughout the rectangular channel. Within this boundary layer,
the horizontal velocity was given by the 1/7 power law:

uly) = u_(y/6)!7 (38)
Above the boundary layer, the horizontal velocity was set equal to the
free stream velocity, Equation (14).

Throughout the flow field, the vertical component of velocity was
set to zero; while the pressure, temperature and density were set equal
to the free stream values, Equatious (!5) - (17). The initial
condition= on the momentum and total energy were then calculated using

the initial values of these primitive variables. Finally, the density

and energy at the solid boundary were modified to account for the higher

temperature of the wall.
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E. Numerical Algorithm

The current mathematical model of the cooling air flow through a
rectangular passage with a turbulence promoter is composed of the
computational domain, the set of governing equations, the boundary
conditions, and the initial conditions. The numerical algorithm used to
calculate the solution to this model is the MacCormack explicit
predictor-corrector technique as implemented by Shang and Hankey [14].

Although this computer code can be utilized to achieve a time
accurate transient solution, it also contains an option which allows
accelerated convergence to a steady state solution through the use of
local time stepping. This local time stepping option was invoked in the
current simulation to produce the steady state solution described in the

following section.
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SECTION III

RESULTS

A. Convergence

In Shang's implementation of the MacCormack algorithm, various
options exist to accelerate convergence and/or maintain numerical
stability. The algorithm can be run in the local time step mode to
accelerate convergence or the time accurate mode to maintain stability.
The algorithm contains a numerical smoothing, which when invoked
promotes stability, but can also degrade the solution. Finally, the
turbulent viscosity can be omitted from the iteration which promotes
stability but also produces a less realistic solution. Therefore, a
strategy must be developed for the use of these various options so as to
achieve a stable but realistic solution while minimizing the number of
iterations required. For example, the iteration could be initiated with
all options turned to full stability. Ther, after a number of
iterations, options could be switched to maximize the rate of
convergence. Finally, a number of iterations should be run with the
options switched to produce the most realistic solution. The strategy
used in tle¢ current simulation is shown in Table 1.

In Sicang's implementation, convergence is measured by the L-Z2 norm
of the chenge in the normalized plobal solution vector between

Nl
ol

successive iterations,
n+l

-
!. The global solution vector, U, is the
concatenatiion of all of the nodal solution vectors as given in Equation

(7). Eaci. component of the change iu the global solution vector is
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Table 1. Iteration Strategy

Iteration Time Smoothing Turbulent ‘;

Count Step Viscosity .,
0- 5,000 Time On Off s .
Accurate Uy

%
5,001-10,000 Local On Off Ko)
Time Step :'_EV'"
ol

10,001-45,000 Local On On e
Time Step '?'

S

45,001-99,999 Time off On ";:;’,‘-»
Accurate N
AN

]
po,

a‘\):
Table 2. L-2 Norm of Increments of the Solution Vector ::
X
Iteration | 66n+1 Nyt
Count ot
A
W g
0 0.7137 E+l Rkt

.

5,000 0.8197 E-2 ;:'.:'“
-_'-F 4
10,000 0.7993 E-2 el
15,000 0.3739 E-2 XN

.9
45,000 0.3735 E-2 ]
50,000 0.2662 E-2 N

":,.'_\‘.

55,000 0.2415 E-2 poad
65,000 0.2560 E-2 ‘_’.'::,’

.':'\‘{\

75,000 0.2353 E-2 N

l“\ “-

SN\

63,999 0.2414 E-2 hEYY
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squared, normalized by the free stream value of the respective variable,

and summed:
n+l

Pis pg (DU);EI- (pU)iJ
= ) 2
o] = 5 1 Ftb s e

1 n
e - (e, (pe)) ( e)? }
+ ( 1%‘)“) iJ)Z + ( iJ(pe) 1.]) ] (39)

Typically, in the iteration to a converged steady state solution, the
value of this norm will drop 3 orders of magnitude from the initial
conditions and then oscillate about this reduced value, indicating that
convergence has been achieved [13]. As shown in Table 2 for the current
simulation, the value of this norm decreased from 7.137 at the outset to
0.002662 after 50,000 iterations and oscillated near that value for the
remaining 49,999 iterations. This behavior is typical of convergence to
the steady state solution. The current simulation required 92 minutes
of execution time on a Cray-1 computer.

B. Velocity and Temperature Profiles

As described in Section II.A., the computational grid is 20 rib
heights in length with the top front corner ot the rib located 5 rib
heights downstream from the inflow boundary, and the top back corner of
the rib located 6 rib heights downstream from the inflow boundary.

There are 100 grid lines in the streamwise X-direction, clustered around
the rib. These grid lines are numbered as the K index starting at the
inflow boundary. Hence, K = | corresponds to the inflow boundary.
Profiles of u/uw, v/vm, and T/Tm were plotted against Y/YMAX at

the 16 streamwise locations listed in Table 3. 1In these profile

plots, given in Figures 2 through 49, a rib height corresponds to

Y/YMAX = 0.237, Hence, in the profile plots for K values of 28, 33, 38,
and 47, I8
{:5?1?~'~'f'»<_fu.,lfff"§’ff:'; ';'.fﬂﬁﬂfifu’ VAR '~,~f"f‘f“f‘fxf‘l”} N
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Table 3. Profile Locations

)
K Distance from Inflow Boundary iif
(Streamwise Index) Measured in Rib Heights .
A
!
1 0
6 2
11 3
i
18 (Front bottom corner of rib) 4 t;:
'y
.'-J.
28 (Front top corner of rib) 5 A
»
33 (Rib centerline) 5.5 ®
38 (Back top corner of rib) 6
47 (Back bottom corner of rib) 7
Sy
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e
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the curve does not reach Y/YMAX = O because the bottom of the
computational mesh coincides with the top of the rib or turbuleunce
promoter which has a Y/YMAX value greater than zero.

The profiles at K = 1 represent the inflow boundary conditions
where the flow has not yet properly developed. This explains the
uniformly zero vertical velocity and the fluctuating horizontal
velocity.

At K = 6, the profiles show that the momentum and thermal boundary
layers are beginning to develop. Since this flow is predominately in
the horizontal direction, the vertical velocity is very small compared
to the horizontal velocity. Therefore, the small variations, which are
due to round off in the calculation of the vertical velocity, are nearly
the same magnitude as the actual vertical velocity, thus producing the
exaggerated fluctuation exhibited in the vertical velocity profile.

At K = 11, and 18, the profiles show the continued development of
the momentum and thermal boundary layers and a vercical acceleration as
the flow begins to move up and over the turbulence promoter. Also at K
= 18, both the vertical and horizontal velocities are negative near the
solid wall which indicates the presence of a recirculation zone which
will be discussed later.

The locations, K = 28. 33, and 38, are at the {ront top coruner,
midline and back top corner of the rib, respectively. The vertical
velocity is positive, incuicating that the flow is moving up cver the
rib. The horizontal velocity is greatly accelerated near the solid
wall, exhibiting a uviform proriie at K = 38, typical of a iully
developed turbulent 1low, Botli the momentum and thermal houndary lavers

have been destruyed cue to the intense wurbulent mnixing which is

20
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occurring. The temperature near the wall is much lower than &t previous
streamwise locations and exhibits some numerical overshoot. This
overshoot as well as the fluctuations in both temperature and horizontal
velocity profiles are numerical artifacts produccd by over restrictive
boundary conditions at the top boundary which will be corrected in
future calculations.

The streamwise locations, K = 47 through K = 83, start at the back
bottom corner of the rib and extend to the reattachment point which
marks the end of the large recirculation bubble downwind of the rikt.

The temperature profiles show that the turbulent mixing behind the rib
has greatly diffused the energy from the hot solid wall to form a warm
air region which extends almost 2 rib heights vertically from the solid
wall. The horizontal veitocity profile is typical of a recirculation
zone with a negative upstream flow near the wall changing to a positive
downstream flow higher in the flow field. The vertical velocity
profiles also show evidence of flow recirculation.

The profiles at K = 85, 89, and 100, uemonstrate that both the
momentum and thermal boundary layers are reestablished downstream of the
recirculation bubble. However, comparison of thesc profiles to those at
K =66, Il, and 18, upstream of the turbulence proaoter, show that the
downstream boundary layers are much thicker and well mixed, illustrating
the effects of the intense turbulent mixing caused by the tlow over the

turbulence promoter.
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C. Streamlines, Skin Friction, and Heat Transfer Rates -b{;f
AN
Careful analysis of the printed output at each of the (00 - ®
streamwise locations reveals the interesting details of the flow pattern :3uﬁ
N Nt
W, W
shown in Figure 50. There are five recirculation zones or bubbles kjt'~¢
v,\( ()
.9 !
produced by the flow over the turbulence promoter. There is a clockwise el
; <
rotating zone, 1.0 rib height in length, which begins 1.0 rib height Bhé‘
SR A
upstream of the rib and is approximately 0.1 rib height tall. The dsi:j
.’ *
' y
secona clockwise rotating bubble, which is about a half rib height in RUGAS
. [ ]
length and very thin, begins just downstream from the top front corner ;;;2,'
N
I\ N
of the rib. Behind the rib there are two counterclockwise vortices L?ji'
o
iy
which are separated by a clockwise vortex. The first clockwise vortex, Q\}}ﬁ
which is 1.0 rib height in length, begins just behind the back top t}?ﬂ
LSS
EINCNS
corner and is 0.54 rib height in thickness. Adjacent to this clockwise k?{ﬁ,
~ . . R
vortex is a counterclockwise vortex of approximateiy the same size. s:\: :
o
Finally, there is the very large recirculation bubble which begins ust T
Ea,
R WA
A
downstream of the back top cormer of the rib and attains a maximum :3;:;
o
thickness of 0,71 rib height just behind the rib, This large bubble :ﬁ;:'
9
extends to the reattachment point which is located approximately 7.0 rib A,
N
AR
heights from the back top corner or 6.0 rib heights from the back bottom :L}:g
\::\::-
corner. :.-::\.;"
P

The location of the reattachment point agrees very well with the

-t

wind tunnel investigations of flow over a surface mounted cube conducted

. a
« ety

by Castro and Robins [2]. They report that the wake producrd by a

o

'
e
]

uniform turbulent stream completely decayed within 6.0 cube heights

¥
PN
&y
1

downstream.
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Skin friction and heat transfer rates were calculated at the 16

streamwise locations listed in Table 3. The values of local skin
friction, shown in Table 4 and plotted in Figure 51, were calculated

from the following equation:

T &
o' w L wall Yoy’ y=0 (40)

The normal derivative of the horizontal velocity was approximated as a
central difference between the J = 1 node (solid wall) and the J = 2
node (Y < 0.3281 E-4 feet). The viscosity was determined by averaging

the values given by Sutherland's Law evaluated at T, , and T,
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Table 4. Local Skin Friction Coefficient SO

K Skin Friction Coefticient
(Streamwise (c% x 10%)
Index)

1 0 N
6 62.28
11 7.43
18 47.62 N
28 77.39 NE
33 34.11 d
38 12.23 o
47 1.34 VX
57 15.50
67 42.67 ;
75 52.06 N
80 47.80
83 55.38
»

85 2.24 o
8¢ 20.44 T

100 35.57 DN
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The local heat transfer rates, given in Table 5 and plotted in

Figure 52, are expressed interms of the nondimensional Stanton number:

Qa1 (41)

c p u (T )

St = =T
p ® ® wall "«

These heat transfer rates were calculated by two different methods. In
the first method, the Reynolds Analogy was used, in which the heat
transfer rate is related to the skin friction as follows:

_ '
Stanton Number = icf (42)

This method is widely used in turbomachinery calculations but these
calculations greatly underpredict the heat transler rates measured
experimentally.

In the second method, Fourier's Conduction Law was used to evaluate
the heat transfer rate at the wall, Qwall’ which appears in Equation
(41):

Qwall = -K(%§)y=0 “
In this calculation, the thermal conductivity was treated as a constant
and the normal derivative of temperature was evaluated in a manner
similar to that used for the normal derivative of the horizontal
velocity discussed above.

In the convection heat transfer process, the energy is first
transferred by conduction from the soli¢ wall to the fluid particles
adjacent to the wall. These 1luid particles are then transported away
from the solid wall by the bulk mixing of the fluid which results in the
diffusion of energy from the solid wall. The basis for the Reynolds
Analogy is the assumption that the same mechanism is responsible for the

exchange of both heat and momentum. “This assumption disregards the

details of the energy transfer process at the soiid wall-fluid
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Table 5. Local Heat Transfer Rates iyt
K Stanton Number x 107 "
(Streamwise via via -
Index) Reynolds Analogy Fourier's Law &
(P}
1 0.0 24.33 g
;.
6 3.11 4.38 ¥
11 0.37 1.20 oAl
18 2.38 4.03 SR
Ay
28 3.87 3.62 A
. ®
33 1.71 3.71 7
o
N
38 0.61 3.15 G
!
47 0.07 1.54 B%
®
57 0.78 1.48 .
67 2.13 2.33 o';’:
75 2.60 2.83 R4
®
80 2.39 3.11 7
83 2.77 4.24 N
.}'\.
85 0.11 3.39 ',ﬁ \
89 1.02 3.11 :;-
100 1.78 2.90 o~
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interface. As shown in Table 5 and Figure 52, the direct calculation of
the heat transfer rate via Fourier's Law predicts heat transfer rates
which can be as great as 30 times that given by the Reynolds Analogy.
This great diccrepancy can be explained by the fact that the Reynolds
Analogy is derived for laminar or fully turbulent flows over a flat
plate with laminar and turbulent Prandtl number, Pr = Prt = 1,0. Thus,
the Reynolds Analogy is not applicable to flows with recirculation zones

and flow reversals which cause the normal gradient of velocity to differ

greatly from the normal gradient of temperature.
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SECTION 1V

CONCLUSTIONS

The flow field and heat transier along a turbine blade internal
cooling passage was numerically simulated using a two dimensional
geometry. Attention was focused on the flow along a short straight
section of a rectangular passage with a single transverse mounted
turbulator protruding from its floor. The two dimensional, transient,
Reynolds averaged Navier Stokes, continuity and energy equations were
iterated to a steady state solution using the second order accurate
MacCormack explicit predictor-corrector algorithm. Turbulence closure
was achieved through the use of the Baldwin-Lomax form of the
Cebeci-Smith algebraic two layer eddy viscosity model.

In contrast to the work done by earlier investigators, this study
was performed using a computational mesh which had very high resolution.
There were 100 grid lines in the horizontal (axial) direction clustered
around the turbulator and 60 grid lines in the vertical direction with
44 within the first rib height which was well within the turbulent
boundary layer. This high resolution mesh revealed considerable detail
of the flow field and heat transier near the turbulator.

The calculation revealed a complex tlew structure near the
turbulator with five stationary or standing vortices. This flow
structure, which is more complex than is ordinarily expected for such a
simple passage/turbulator geometry, has a pronounced effect upon the
heat transfer as shown in Table 5 and Figure 52. This significant
insight indicates that turther study is needed into the effects of
turbulator geometry and spacing (or pitch) a= a means cf hLeat transfer

enhancement.
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Vo)

Furthermore, this calculation revealed a considerable difference

between the heat transfer rate calculated by using the Reynolds Analogy
and that given by a direct calculation using Fourier's law. This
discrepancy results from the complex flow structure near the turbulator
which causes the normal gradient of velocity to differ greatly from the
normal gradient of temperature. Similar flow structures exist
throughout many turbomachinery components, and therefore, corresponding
heat transfer effects may occur in those components which would also be
inadequately predicted by the Reynolds Analogy. This significant
insight may lead to remedies for the underprediction of heat transfer

rates in many turbomachinery calculations.
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NOMENCLATURE o
2
.
-
c% = gkin friction S
.
Y
c = coustant pressure specific heat of air :v('
P 1
(3
¢, = constant volume specific heat of air .
)
D = equivalent passage diameter ' z
g
e = total energy A
%
>
F = flux vector ~"
> .t
G = flux vector P
Y
H = rib or turbulator height (’
1 = horizontal index P
IMAX = maximum horizontal index t;;
'\\,\;
T = vertical index it
xﬂ
JMAX = maximum vertical index P
.v
P = pitch, spacing between ribs or turbulators =3
ND:
ol
Pi = flow field pressure e
--"v
Pr = molecular Prandtl number ':%
e
Pr, = turbulent Prandil number P3¢
t -'r‘-
Q,q = heat flux N
\:%
St = Stanton number oy
.  J
T = air temperature =5
o
t = time %}:
> vy
U = solution vector ;ﬂ.
= . [ J
u = horizontal velocity ~
X,x = horizontal, axial coordinate -i
Y,y = vertical coordinate \iﬁ
\h

mazximum vertical coordinate
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NOMENCLATURE (Countinued)

T
ney

:

i
L O

7

rib or turbulator angle of attack

ratio of specific heats

Vo
..§

turbulent boundary layer thickness

Kronecker delta

turbulent eddy viscosity
transformed coordinate
molecular viscosity of air
transformed coordinate

air density

stress tensor

Subscrigt

= total values

free stream value

wall = value at solid boundary
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Figure 22, Vertical velocity profile at K = 38,
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