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Investigating the Effect of Cooling Air Passage on
the Temperature Distribution in Turbine Blades
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Abstract

This paper was carried out to study the effect of the velocity ratio of cooling air
on the temperature distribution in the turbine blade passage * The experimental
and computation method gives a clear picture of the penetration area and the
temperature distribution in the passage. All the calibration of the instrument
and the laws of the five hole probe may be notes in the section test rig. Several
cases have been studied in this research by using three-velocity ratio (Vg=0.5,
land 2), and three different locations (99% ,90% and 75%) from the end wall
with the jets angle 6= 45°the hole diameter (d= 0.1 cm). The procedure
solves the governing equation numerically by using the finite volume method
semi implicit method for pressure-linked equation. Therefore the present
results show an accepted agreement if compared with experimental work. The
maximum temperature occurred of Vr=0.5 and the jet location (99%) from the
end wall .Therefore the temperatures are fluctuated at the core, and decreased
gradually from the jet core to outside. The temperatures are increase with
decrease the velocity ratio at the same the jut location from the axial chored.



Introduction:

An increase in the thrust and cycle efficiency of gas turbines can be achieved
through higher turbine entry temperatures. Maintaining adequate life at these
temperatures requires the development of materials and efficient cooling methods.
One cooling method that has gained increasing importance is endwall film-
cooling, where coolant air is discharged through discrete holes in the inner and
outer endwalls of a turbine blade passage. After leaving the holes, the coolant air
forms a protective layer between the hot mainstream gas and the surface that is to
be protected. Several numerical methods are available to solve differential
equation of heat conduction, among these methods are the finites volume, finite
elements and control volume approaches in many applications the turbine blades
have complex geometries, therefore, in the present study a new methods to solve
this problem by using the upwind differencing scheme [1]. Also, it is found an
effect of end wall coolant ejection on the flow in the blade passage, indicating that
coolant ejection may reduce secondary flow [2]. [3] reduced secondary flow in a
linear cascade by ejecting air from a slot in the end wall upstream of the leading
edge plane. He measured a reduction in secondary losses which unfortunately was
more than offset by the energy required for the air ejection. He concluded that a
net benefit could be achieved if the ejected air was used for cooling purposes.

Cooling configuration:

To minimize the effect of high temperature of gases passing upon turbine blade,
cooling systems are used cool the turbine to reasonable temperature which is not
to cause damages to the turbine blade and to enhance the material resistance to the
maximum turbine inlet temperature which increases with time . Therefore, gas
turbine designers have to seek ways for increasing the turbine inlet temperature at
a rate faster than materials will allow. One solution was the use of turbine cooling,
which has allowed the turbine designer to increase the turbine inlet temperature
while maintaining a constant blade temperature [4]. The air is the main coolant
that has been used with turbine blade cooling. The cooling methods used are
convection cooling, impingement cooling, film cooling, and transpiration cooling
[3]. The air flows outward through a series of radial cooling holes, as shown in
Figure(1).
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Figure (1) Turbine nozzle guide vane with endwall film cooling ref [3].
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The design of the investigated datum of cooling configuration loosely resembles
the real engine design shown in fig. (1) ref. [3]. Here, This cooling configuration
would provide cooling to most of the endwall surface in the absence of secondary
flow. It is therefore well suited to investigate the interactions between the ejected
coolant and the endwall flow field [5]. In this research cooling configuration,
coolant air is ejected through 25 holes in one endwall of a single passage. fig. (2)
shows the cooling configuration that consists of three single rows of holes, all
having a diameter of 1 mm and ejecting at an angle of 45° to the surface. The first
row of holes is located at 99% axial chord and ejects in approximately the inviscid
streamline direction. While The second's row is at 90% axial chord, again ejecting
in approximately the inviscid flow direction. The third row of holes is located at
75% axial chord.

M in flow

M coolant

Figure (2) Schematic of the mixing

Mixing Analysis:

The flow within the coolant hole is three-dimensional, as can be seen in the
computational predictions of [6]. A separation at the hole inlet is the cause of a
pair of counter-rotating vortices and a region of increased velocity opposite of the
separation bubble. The blockage created by the jet as it enters the mainstream
creates a local variation in pressure at the hole exit. After leaving the hole, the
coolant mixes with the mainstream. An approximation of the entropy generated
during this mixing process can be obtained by assuming that the mixing takes
place within a short distance downstream of the hole, thus justifying a constant
static pressure mixing calculation. The mixing calculation is similar in character to
the one-dimensional analytical model proposed by [7]. For this mixing calculation,
the blade passage is divided into several mixing control volumes in the vicinity of
the coolant holes .In the mixing calculation the equations for the conservation of
mass, momentum and energy are applied to the mixing control volume. The static
pressure is taken to be constant during the mixing process, using the hole exit
velocity and temperature.

The outflow values of stagnation pressure and temperature from each of the
mixing control volumes are mass averaged to determine the overall stagnation.
The mixture laws [8] are: MR=( Coolan/Minriow) All the dimensions for this
blade cascade can be found in Table (1)
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Number of blades 4
Chord 67
Pitch 100

60

350
293
25

0.5, 1and 2

Table (1) The Dimensions and Angles for Blade Cascade

Test Rig:

A test rig has been designed and constructed in order to investigate the effect of
cooling air passage on the temperatures distribution. The temperatures are
measured as follows; the surface temperatures are measured by wireless
temperatures measurement as in figure [3-a] and temperatures between passages
are measured by thermometers types' k/j as shown in figure [3-b]. All the
calibration possible has been made to certify the flow parameters in the test rig
section can be shown that this made [3]. In the present investigation the cascade
forms 4 blades and an aspect ratio of 1.5 is used. The blades are made from
Aluminum smooth sheets. The blade section is selected as given in [3][9]. The
cascade consists of four isolated blades two of them represent the test rig walls and
the other two lies in between them in the working section as a row of blades. The
hot air is provided from the exhaust I. C. Engine to the settling chamber (air box)
to damp the delivery flow of air as shown in the figure [4].

Figure (3-b) Thermometers Types k/j
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Fig (4) A Photo of the Test Rig Layout.

Measurement procedure:

Before starting the reading, two tests are made to check the instrumentation. The
first test is to ensure that the pressure reading in micro-manometer is zero before
running. After running, the second test is to make sure of there is no leaking in the
pressure lines. In this case the five-hole probe is fitted with a cap, which makes
sure that the tubes of the probe connected to each other, and hence registers the
same pressure. Then, if there is any significant difference between the two
readings for any of the pressure, there is a leak in one of the pressure lines. The
calibration process for the five hole probe is very sensitive to the probe alignment,
probe support, and any blockage so the procedure is repeated many times until
getting smoothing curves where the polynomial curve-fit method fourth-order was
used. The accuracy of the processed data shown in table (2) which has good
accuracy with a range of errors of approximately not exceeded (+25%).The
measured temperatures on the surface of both sides of the blade are practiced. A
measured temperature in the passage theory and that it is difficult to obtain in
practice because of the nature of the design of the system. Therefore, it is founds
an error rate ranging from 15% to 10% and this is acceptable ratio. Tables (3),(4)
represent the head of the measured pressure by manometer at maximum and
minimum blowing ratio and tables (5),(6) represent the velocities component in
three axes at maximum and minimum blowing ratio , which was calculated on the
basis of the pressure measurement see ref [3].



Pitch Angle in deg. Yaw Angle in deg. in (m/sec) Velocity
Actual | Measured Actual | Measured Actual | Measured
Error % Error % Error %

-20 -19.8 1 -20 -20.4 1.9 15.6 15.9 1.9
-20 -19.7 15 0 -0.5 1 15.9 16.1 1.2
-20 -19.9 0.5 20 20.5 25 15 14.8 1.3

0 0 0 20 19.4 3 15.7 16.1 2.5

0 -0.1 1 0 -0.3 1 15.1 14.9 1.3

0 0 0 -20 -20.6 3 15.8 16 1.2
+20 19.7 15 -20 -20.4 2 15.9 16.3 2.5
+20 19.9 0.5 0 -0.4 1 15 14.7 2
+20 19.6 2 20 -19.5 25 15.1 15.4 1.9

Table (2) The Errors in Probe

Axel cored hy(mm) h,(mm) hs(mm) hs(mm) hs(mm)
0.1 58 21 41 19 60
0.2 32 30 16 12 25
0.3 35 26 12 14 28
0.4 60 25 24 10 57
0.5 66 18 25 6 55
0.6 50 14 25 5 60
0.7 53 15 34 8 60
0.8 57 21 41 20 62
0.9 60 26 50 26 61

1 57 29 52 25 55

Table (3) The Head of the Pressure Measured by the Manometer in (mm)
at the Blowing Ratio equal 2.

Axel cored h;(mm) h,(mm) hz(mm) hy(mm) hs(mm)
0.1 24 20 19 15 39
0.2 22 20 18 10 30
0.3 25 12 17 4 17
0.4 36 10 16 4 29
0.5 29 9 12 3 34
0.6 28 8 13 2 43
0.7 32 15 23 8 36
0.8 35 15 28 14 35
0.9 36 18 24 13 30

1 38 19 25 12 35

Table (4) The Head of the Pressure Measured by the Manometer in
at the Blowing Ratio Equal 0.5.




Axel cored u (m/s) v (m/s) w ( m/s)
0.1 20.10604 17.36339 17.21064
0.2 4.487169 -16.45665 -15.16894
0.3 8.806578 -13.4 0265 7.538373
0.4 7.584979 -26.57206 -25.64113
0.5 21.44158 4.292778 -2.863017
0.6 4.032911 28.5851 -25.83213
0.7 6756414 -28.05618 -4.327707
0.8 3.877046 -25.05417 -24.83376
0.9 7.660995 -16.06971 -6.557761

1 7.675498 22.60313 -17.17133

Table (5) The Velocities Component in Three Axes, at the Blowing Ratio

Equal 2.

Axel cored u (mfs) v (m/s) w (m/s)
0.1 9.265227 1.342176 1.237152
0.2 5.311697 -8.083823 4.546778
0.3 16.99755 2.511499 -2.269622
0.4 6.106856 20.48469 -13.66202
0.5 3.965947 -20.10223 13.40694
0.6 16.43545 11.79174 -10.6561
0.7 .8742069 -19.15878 -2.95527
0.8 475009 -19.72487 -3.04259
0.9 3.25122 17.82363 7.273503

1 16.19796 -11.62135 10.50212

Table (6) Velocities Component in Three Axes, at The Blowing Ratio Equal

Mathematical modeling:

0.5.

Some scientists have recently tackled the turbulent flow problem by
attempting to solve the time-dependent Navier-Stokes equations directly using
numerical methods. The usual practice is to consider the time-averaged
versions of the governing equations. This follows the assumption that the main
flow variables such as the velocity components, etc, may be expressed as the
sum of a time-averaged mean value and a fluctuating component about this
mean value is referred to [10]. Thus the instantaneous value of each variable
(D) (i.e. u,v,w, p,t...etc) is:



D =D + D’

where:

(5) and () are the time averaged and fluctuating components of the
variable respectively. In this formulation, it is assumed that the time average of the

fluctuating components is zero.
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where () is the turbulent Prandtl number which includes the eddy thermal

diffusivity. When one substitute Eq. (7) in the Reynolds equation (i.e., 2, 3, 4, 5
and 6) the time-averaged equations for continuity, velocity components,
temperatures and turbulent variables, take the form:

(i) Continuity

ox oy oz
(i) Momentum
In-X direction

0 0 0 0 U, o ou, o ou
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...(9),

In-Y direction

o ...(10), and
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In-Z direction
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(r,) is the effective exchange coefficient for heat defined by:
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The main difficulty in solving these equations concerns the determination of
unknown correlation which represents turbulent or "eddy" viscosity ( ., ) which is
not a fluid property and varies over the flow domain depending on the turbulence
conditions. Therefore, before any solution can be obtained they must be expressed
in terms of known or calculated quantities. These expressions are called turbulent
models.

Turbulence Model:

The k —& model is the more common active model for turbulent fluid flow
problems. It is also called the two equations model, where it characterizes the local
state of turbulence by two parameters: the turbulent kinetic energy (k) and the rate
of its dissipation (¢) [10],[11].the kinematic viscosity is related to these parameters
by Kolmogrov-Prandtl expression:

k2
vt:C#—
&
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Where C, Is an empirical constant.

This model is chosen for modeling the two geometries according to the semi-
empirical transport equations for k and ¢ as described below.

K-¢ Turbulence Models:

The distribution of the eddy viscosity throughout the flow domain must be
established in order to calculate the momentum and heat diffusion coefficients for
equations (9 to 12). This is the job of the turbulence model. By calculating the

U, distribution, the turbulence model implicitly establishes the relative strengths of

turbulent and molecular diffusion. Launder and Spalding, proposed a modified
version of the K-¢ model. This version has been the most widely applied, and is
commonly referred to as the standard K-¢, model. The eddy viscosity at each grid
point is related to values of the turbulence kinetic energy (K) and the dissipation
rate of turbulence energy (¢):

C. pK?
= ”f ... (16)

wherec @ an empirical constant. The turbulent energy is defined by the

fluctuating velocities k = %m :

The local distribution of k and ¢ requires the solution of two additional transport
equations, which are derived from the Navier-Stokes equation. The k-transport
equation is given by:

(oK) +- 2 (VK)+ 2 () == (L By 2 (S 2 (MO
X oy o, 0z

574 oX o, OX' 0y o, 0y 0L o,
...(17),
and
oU,, ,oV,, W, ou ov, ,oU W, oV OW,,
Gk=#1[2((§) +(E) +(§) )+(E+&) +(E+§) +(E+E)
...(18)

The ¢ transport equation is given by:

0 0 0 0 i 0, 0 ,u O, 0 p O¢ £
= (pUe) +— (Ve + p—(oWe) =— (F- )+ — (L 2) +— (- 2) +(C,G, ~C,p) —
6X(p ) ay(p paz(pW) ax(ok ax) 8y(0'k8y 62(6k az) (CG zp)K

...(19)
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Empiricism is introduced into the model though the five constants (C4, Cy, C,,,
o.ando,) which are assigned the values given in Table (3). This constant is

recommended by [12].

Table (7): Constant of Turbulence Model.

The above set of constants has been applied successfully too for many three-
dimensional flows around blades [13].

Boundary Conditions:

All the discredited flow equations derived previously are for the internal
domain. It is necessary now to implement them at the boundaries. To do so we
introduce three types of boundary conditions that are required for the present
work, they are:-

1. Inlet condition.

2. Outlet condition.

3. Solid (wall) boundaries.

1. Inlet Boundary Conditions:

The distribution of all flow variables needs to specify at inlet boundaries.
The values of k and ¢ are approximated based on assumed turbulence intensity
T, . Therefore the approximate values of k and ¢ for internal flows can be obtained

by means of the following simple assumed forms:-

i :g(usmTi )2 .(20)
3
2
. :chkT .21
| =0.07L ....(22)
u§ =U§in (23)
u, =0 ....(24)
P=P, ....(25)

Where L characterizes length, Cﬂ is a universal constant, 0.09; | is the length
scale of turbulence [11].
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2. Outlet Boundary Conditions:
At an outlet the velocity distribution is decided by what is happening within the
domain. For incompressible flow the gradients normal to the outlet surface of all
quantities are assumed to be zero[11].

If NI is the total number of nodes in the & —direction, the equations are

solved for cells up to | (ori)= NI —1. Before the relevant equations are solved
the values of the flow variables at the next node (NI ), just outside the domain, are

determined by extrapolation from the interior on the assumption of zero gradient at
the outlet plane.

For  the U,-and  scalar  equations  this  implies  setting

u77N|,j :uﬂNH,j and ¢N|,j :¢NI—1,j
Special care should be taken in the case of the U -velocity. Calculation of

U, at the outlet plane i=NI by assuming a zero gradient gives

u.(NI,J3)=u.(NI -1,3) . ..(26)
During the iteration cycles of the SIMPLE algorithm there is no guarantee
that these velocities will conserve mass over the computational domain as a whole
[14]. To ensure that overall continuity is satisfied the total mass flux going out of
the domain (m, ) is first computed by summing all extrapolated outlet

velocities. To make the mass flux out equal to the mass flux (m;,) coming into
the domain all the outlet velocity components ug(NI ,J), are multiplied by the
ratio(M;,, /M, )- Thus the outlet plane velocities with the continuity correction
are given by

u:(NILJ)=u,(NI -1,3)x M,

.27

out

These values are subsequently used as the east neighbor velocities in the

discredited momentum equations for us ..

3. Wall Boundary Conditions:
The implementation of wall boundary conditions in turbulent flows starts
with the evaluation of

L _ Ly

P Tw

v \p
Where, AyID is the distance of the near wall node P to the solid surface. A near-

wall flow is taken to be laminar if y* <11.63. The wall shear stress is assumed to be

entirely viscous in origin. If y">11.63 the flow is turbulent and the wall function

approach is used. The criterion places the changeover from laminar to turbulent
near wall flow in the buffer layer between the linier and log-law regions of a

13



turbulent wall layer. The exact value of y* =11.63 is the intersection of the
linear profile and log-law so it is obtained from the solution of

+ _i +
u _Kln(Ey ) ....(28)

In this formula - is von Karman's constant (0.4187) and E is an
integration constant that depends on the roughness of the wall. For smooth walls
E has the value of 9.793.

Following the optimum near wall relationships for the Standard(k — &)
model from extensive computing trials [14].

s Momentum equation tangential to wall

Wall shear stress 7, :,)C%Ké/zup/u+ ...(29)
Wall force  F =-7,A,, =—(pC%K§/2up/u*)Ace” ...(30)

s Momentum equation normal to wall
Normal velocity =0
¢+ Turbulent kinetic energy equation

Net K -source per unit volume= (rwup —pC%K%u*jAV/Ayp ..(31)
+ Dissipation rate equation
Set nodal value
3 3
g, =C K22 iy, ) .(32)
These relationships should be used in conjunction with the universal
velocity (u*) for near wall turbulent flows.

+_£ +
u —Kln(Ey )

In order of their appearance in egs. ((25)-(28)) variables are treated as
follows in their discredited equations:

U, -velocity component parallel to the wall.
The link with the wall is supported by setting A, =0 and the wall force
Fs from eq. (28), is introduced into the discretised U -equation as a source term,
SO
pC%K%
Sp == Ay -(33)
% k-equation.
The link at the boundary is suppressed, we set A, —0.in the volume

source, the second term contains K*°. This is linearised as K,’;%.Kp,where K"is

14



the K -value at the end of the previous iteration, which yields the following source
terms s,and Suin the discretised k-equation:

S, :_’DC”—PA\/ and S, = Twlp AV
AyF’ Ayp
..(34)

% &-equation.

In the discretised ¢-equation the near wall nodes is fixed to the value given

by eg. (30), by means of setting the source terms s, and s, as follows:
Yk
S, =-10° and S SR g (35)
P u KAyp

Near-Wall Regions: The standard form of the K-& model presented above is only
valid in the fully turbulent regions of a flow. Consequently, a different treatment is
required near solid walls, where viscous diffusion dominates turbulent
diffusion.The common approach is to use the wall function method. With this, no
attempt is made to compute the flow within the laminar and semi-laminar regions
of the boundary layer where molecular diffusion is significant, rather, the next-to-
wall grid points are placed in the fully turbulent effects. The field variables for
these next-to-wall grid points are solved using the procedures described
previously, but the simple boundary conditions for wall shear and surface
convection are replaced with wall-function [12]:

= —— 2 P (36)
wa iln(EpAXpC:;/‘lK]F;/Z) e s

k

and

q = C/llMK:,L)/zpCp(Tp_Twall)
wall 1 EpAX C1/4Kl/2 A - .

o[ In(——" )+ ()P -DED L 37)

k k o, o,

The subscript (p) indicates values at the next-to-wall grid points, and ax_is the

distance from the wall to the next-to-wall grid points. A and E are constants
representing wall roughness while k is VonKarman's constant. Since the turbulent
kinetic energy of the next-to-wall grid points appears in the wall functions, the
boundary condition coefficients must be updated each solution iteration as the k-
¢solution field evolves. In essence, the wall-function method assumes the form of
velocity and temperature profiles within the boundary layer. If behavior within the
boundary layer deviates from the assumed profiles, errors will be introduced of the
many constructs of wall functions that had been developed and applied, Launder
and Spading recommend this semi-empirical formulation based on their
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experience with fully turbulence flow. It is important to note that the logarithmic
profile for forced flow is the foundation of Launder and Spading's wall functions.
For this reason [12] wall functions are often referred to as the " log-law" wall-
functions.

Conserved property ]q) ‘ r, ‘ S

Mass (continuity)

Direction-I momentum ; oo o ou
-R _p[:ueff +§:] — P9 516,

OX. OX.

! J

Turbulence kinetic energy G, +Gg — pe

Turbulence energy dissipation &
K[ClCGk +Gg) -C,pe]

Table (8): Exchange Coefficient and Source Terms of @ .

Results and discussion:

The results have been discussed and performed to simulate a discrete circle hole
film cooling flow between passage. The temperature contour pattern of figures
(5-a,b and ¢ ) shows the maxim temperature occurs at the test was Vr.= 0.5
Tin =293k° and the jet location is (99%)from axial chord ,it is clear form these
figures The temperature decreases gradually from the jets core to the outside
boundary. From the other side it is shows the maximum temperature occurs at the
trailing edge from the suction side. But at the pressure side the temperature
associated with high heat transfer in this region, because the temperature decreases
gradually from the jet core. A closer inspection of temperature distribution form
turbine blade with circular cooling passages shows that the temperature falls quite
rapidly and then increase towards the trailing edge, but this reduction extended
over greater length of the blade than that on the pressure side.

The temperature contour pattern of figures (5-a,b and ¢ ) shows the maximum
temperature of (353K°) at the trailing edge from the suction side and at the
pressure side the temperature reaches about (323K°) associated with high heat
transfer in this region. Even though large cooling passage is very favorable
positioned in this area.
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If compared figures[5 ,6and 7] shows the temperature increase with decrease the
velocity ratio at the same jet location from the axial chord, due to the flow field
appear to be dominated by large numbers of vortexes near the suction surface from
the passage , This means that the secondary flow increases with increase in
upstream velocity and that it means the velocity ratio are decrease. On the other
hand, the mixing losses are reduced with increase velocity ration. From the other
side if compared all cases as in figure [8], we notes that the temperature decrease
with decrees location of the jets from the axial chord because of the mass flow rate
of the jet is high therefore the jets successfully push the vortex out of the passage
without impinging on the suction surface and this lead to successfully reducing
secondary flow and reducing the temperature. All this causes lead to the
temperature increase with decrease in the velocity ratio.

Conclusions:

The present work studies the effect of jets location and velocity ration on the
temperature distribution in the passage of turbine blades .therefore the present
work shows:

e The maximum temperature occurred of vr =0.5 and the jet location (99%).

e The temperature fluctuation decreases gradually from the jet core to the
outside.

e Temperatures increase with decrease in the velocity ratio at the same jet
location.

e The temperature decreases with decrease at location of the jets at the axial
chord
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Figure[5 -a] Temperature viration contoure at the blowing ratio[ 0.5] locale[ 99% ] end wall
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[b]

Figure[5 -b ] Temperature viration contoure at the blowing ratio[ 0.5] locale[ 90%] end wall
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[c]

Figure[5 -c | Temperature viration contoure at the blowing ratio[ 0.5] locale[ 75% ] end wall
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Figure[6 -a] Temperature viration contoure at the blowing ratio[ 1] locale[ 99% ] end wall
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Figure[6 -b] Temperature viration contoure at the blowing ratio[ 1] locale[ 90%] end wall
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Figure[6 -c ] Temperature viration contoure at the blowing ratio[ 1] locale[ 75% ] end wall
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Figure[7 -a] Temperature viration contoure at the blowing ratio[ 2] locale[ 99% ] end wall
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Figure[7 -b ] Temperature viration contoure at the blowing ratio[ 2] locale[ 90%] end wall
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[c]

Figure[7 -c ] Temperature viration contoure at the blowing ratio[ 2 ] locale[ 75% ] end wall

pressure side
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Figure [8] The Temperature Variation at Different Cases

Nomenclatures
al,a2,bl

aa, bb, cc,dd

A

Cl’CS

Cé’Cn ' de‘ ' dn

C,u ’ Cal ’ Cg2

u.,u

s

X,y

Coordinate transformation coefficient
Coefficient in the pressure correction equation

Combined diffusion-convection coefficient
Geometric quantities

Coefficients
Constants in the k —& model

Diffusion term

Constant used in the law of the wall

Convection term

Contravariant velocity components

Turbulent kinetic energy

Characteristics length

Pressure

Source term

Cartesian velocity components
Covariant velocity components

Cartesian coordinates
Non-dimensional distance
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3.6,
Az A
AV

Ay

n

p

Subscripts
e,w,n,s
E,W,N,S

in

MX,MY
ug,u,

nb

out

X,y

&n
&

k

Distance between two adjacent nodes
Distance between control volume faces

Volume of control unit
The normal distance from the wall surface to nodal point

neighboring to the wall
Diffusion coefficient
Dissipation rate of turbulent kinetic energy o , o,

Von karman constant
Curvilinear coordinate
Density

Constants in thek —¢ model

Wall shear stress
Dependent variable

Stream function

Faces of control volume
Neighbor nodes of point P
Inlet
Source term of momentum equation in Cartesian coordinates
Source term of momentum equation in curvilinear coordinates

Abbreviation of neighboring

Outlet

Partial derivative in the physical plane
Partial derivative in the computational plane
Source term of € equation

Source term of k equation
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