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Abstract
In this paper, an investigation of using corrugated passages instead of circular cross
section passages was achieved in conditions simulate the case in the gas turbine blade cooling
using ANSYS Fluent version (14.5) with Boundary conditions: inlet coolant air temperature of
300 K with different air flow Reynolds numbers (191000,

286000 and 382000). The

surrounding constant hot air temperatures was (1700 K). The numerical simulations was done by
solving the governing equations (Continuity, Reynolds Averaging Navier-stokes and Energy
equation) using (k-ε) model in three dimensions by using the FLUENT version (14.5). The
present case was simulated by using corrugated passage of 3 m long, internal diameter of 0.3 m,
0.01 m groove height and wall thickness of 0.01 m, was compared with circular cross section
pipe for the same length, diameter and thickness.

The temperature, velocity distribution

contours, cooling air temperature distribution, the inner wall surface temperature, and thermal
performance factor at the two passages centerline are presented in this paper. The coolant air
temperature at the corrugated passage centerline was higher than that for circular one by
(12.3%), the temperature distribution for the inner wall surface for the corrugated passage is
lower than circular one by (4.88 %). The coolant air flow velocity seems to be accelerated and
decelerated through the corrugated passage, so it was shown that the thermal performance factor
along the corrugated passage is larger than 1, this is due to the fact that the corrugated walls
create turbulent conditions and increasing thermal surface area, and thus increasing heat transfer
coefficient than the circular case.

Keywords: Blade cooling, heat transfer enhancement, gas turbine, rib turbulator cooling.
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ﺗﺤﺴﻴﻦ ﺍﻻﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﻱ ﻟﺮﻳﺸﺔ ﺍﻟﺘﻮﺭﺑﻴﻦ ﺍﻟﻐﺎﺯﻱ ﺍﻟﻤﺒﺮﺩﺓ ﺑﺎﻟﻬﻮﺍء ﺑﺎﺳﺘﺨﺪﺍﻡ ﺍﻟﻤﻤﺮﺍﺕ ﺍﻟﻤﻤﻮﺟﺔ
ﺩ .ﻓﺮﺣﺎﻥ ﻟﻔﺘﻪ ﺭﺷﻴﺪ  ،ﺩ .ﺣﻴﺪﺭ ﻧﺎﻅﻢ ﻋﺰﻳﺰ  ،ﺩ .ﻋﻤﺎﺩ ﻗﺎﺳﻢ ﺣﺴﻴﻦ
ﻗﺴﻢ ﻫﻨﺪﺳﺔ ﺍﻟﻨﻔﻂ ﻭﺍﻟﺒﺘﺮﻭﻛﻴﻤﻴﺎﻭﻳﺎﺕ /ﺟﺎﻣﻌﺔ ﻛﺮﺑﻼء

ﺍﻟﺨﻼﺻﺔ:
ﺗﻢ ﺍﻧﺠﺎﺯ ﺍﻟﺒﺤﺚ ﺍﻟﺤﺎﻟﻲ ﺑﺎﺳﺘﺨﺪﺍﻡ ﺍﻟﻤﻤﺮﺍﺕ ﺍﻟﻤﻤﻮﺟﺔ ﺑﺪﻻ ﻣﻦ ﺍﻟﻤﻤﺮﺍﺕ ﺫﺍﺕ ﺍﻟﻤﻘﻄﻊ ﺍﻟﻌﺮﺿﻲ ﺍﻟﺪﺍﺋﺮﻱ ﻓﻲ ﻅﺮﻭﻑ ﺗﺸﺎﺑﻪ
ﻅﺮﻭﻑ ﺗﺒﺮﻳﺪ ﺭﻳﺸﺔ ﺍﻟﺘﻮﺭﺑﻴﻦ ﺍﻟﻐﺎﺯﻱ ﺑﺎﺳﺘﺨﺪﺍﻡ ﺑﺮﻧﺎﻣﺞ ﺍﻻﻧﺴﺰ ﻓﻠﻮﻧﺖ  14.5ﻭﻛﺎﻧﺖ ﺍﻟﻈﺮﻭﻑ ﺍﻟﺤﺪﻭﺩﻳﺔ :ﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﺩﺧﻮﻝ
ﻫﻮﺍء ﺍﻟﺘﺒﺮﻳﺪ  300ﺩﺭﺟﺔ ﻣﻄﻠﻘﺔ ﻭﻣﻌﺪﻝ ﺟﺮﻳﺎﻥ ﻫﻮﺍء ﺍﻟﺘﺒﺮﻳﺪ ﻛﺮﻗﻢ ﺭﻳﻨﻮﻟﺪ ) (191000, 286000, 382000ﻭﻛﺎﻧﺖ ﺩﺭﺟﺔ
ﺣﺮﺍﺭﺓ ﺍﻟﻬﻮﺍء ﺍﻟﺤﺎﺭ ﺍﻟﻤﺤﻴﻂ  1700ﺩﺭﺟﺔ ﻣﻄﻠﻘﺔ .ﺍﻟﺘﺸﺒﻴﻪ ﺍﻟﻌﺪﺩﻱ ﺗﻢ ﺑﺤﻞ ﺍﻟﻤﻌﺎﺩﻻﺕ ﺍﻟﺤﺎﻛﻤﺔ )ﺍﻻﺳﺘﻤﺮﺍﺭﻳﺔ ،ﻧﺎﻓﻴﺮ ﺳﺘﻮﻙ ﺍﻟﻤﻌﺪﻝ
ﺭﻳﻨﻮﻟﺪ ،ﻭﻣﻌﺎﺩﻟﺔ ﺍﻟﻄﺎﻗﺔ( ﺑﺎﺳﺘﺨﺪﺍﻡ ﻧﻤﻮﺫﺝ ) (k-εﺍﻟﺜﻼﺛﻲ ﺍﻻﺑﻌﺎﺩ .ﺍﻟﺤﺎﻟﺔ ﺍﻟﺤﺎﻟﻴﺔ ﺗﻢ ﺗﺸﺒﻴﻬﻬﺎ ﺑﺎﺳﺘﺨﺪﺍﻡ ﻣﻤﺮ ﻣﺘﻤﻮﺝ ﺑﻄﻮﻝ  3ﻡ
ﻭﻗﻄﺮ ﺩﺍﺧﻠﻲ  0.3ﻡ ﻭﺑﺎﺭﺗﻔﺎﻉ ﺍﻻﺧﺪﻭﺩ  0.01ﻡ ﻭﺳﻤﻚ ﺟﺪﺍﺭ ﺍﻟﻤﻤﺮ  0.01ﻡ  ،ﻭﻗﺪ ﺗﻤﺖ ﻣﻘﺎﺭﻧﺔ ﻫﺬﻩ ﺍﻟﺤﺎﻟﺔ ﻣﻊ ﺣﺎﻟﺔ ﻣﻤﺮ ﺑﻤﻘﻄﻊ
ﻋﺮﺿﻲ ﺩﺍﺋﺮﻱ ﻭﺑﻨﻔﺲ ﻁﻮﻝ ﻭﻗﻄﺮ ﻭﺳﻤﻚ ﺍﻟﻤﻤﺮ ﺍﻟﻤﺘﻤﻮﺝ .ﺍﺳﺘﺤﺼﻠﺖ ﺍﻟﻨﺘﺎﺋﺞ ﻟﻠﺘﻮﺯﻳﻊ ﺍﻟﻜﻨﺘﻮﺭﻱ ﻟﺪﺭﺟﺔ ﺍﻟﺤﺮﺍﺭﺓ ﻭﺍﻟﺴﺮﻋﺔ
ﻭﺗﻮﺯﻳﻊ ﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﻫﻮﺍء ﺍﻟﺘﺒﺮﻳﺪ ﻭﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﺍﻟﺴﻄﺢ ﺍﻟﺪﺍﺧﻠﻲ ﻟﺠﺪﺍﺭ ﺍﻟﻤﻤﺮ ﻭﻣﻌﺎﻣﻞ ﺍﻻﺩﺍء ﺍﻟﺤﺮﺍﺭﻱ ﻋﻠﻰ ﻁﻮﻝ ﻣﺮﻛﺰ ﻛﻼ
ﺍﻟﻤﻤﺮﻳﻦ  ،ﻭﻗﺪ ﻛﺎﻧﺖ ﺩﺭﺟﺔ ﺍﻟﺤﺮﺍﺭﺓ ﻋﻠﻰ ﻁﻮﻝ ﻣﺮﻛﺰ ﺍﻟﻤﻤﺮ ﺍﻟﻤﺘﻤﻮﺝ ﺍﻋﻠﻰ ﻣﻦ ﺩﺭﺟﺔ ﺍﻟﺤﺮﺍﺭﺓ ﻋﻠﻰ ﻁﻮﻝ ﻣﺮﻛﺰ ﺍﻟﻤﻤﺮ ﺫﻱ
ﺍﻟﻤﻘﻄﻊ ﺍﻟﻌﺮﺿﻲ ﺍﻟﺪﺍﺋﺮﻱ ﺑﻤﻘﺪﺍﺭ  % 12.3ﻭﻛﺎﻧﺖ ﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﺍﻟﺴﻄﺢ ﺍﻟﺪﺍﺧﻠﻲ ﻟﻠﻤﺮ ﺍﻟﻤﺘﻤﻮﺝ ﺍﻗﻞ ﻣﻦ ﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﺍﻟﺴﻄﺢ
ﺍﻟﺪﺍﺧﻠﻲ ﻟﻠﻤﺮ ﺫﻱ ﺍﻟﻤﻘﻄﻊ ﺍﻟﻌﺮﺿﻲ ﺍﻟﺪﺍﺋﺮﻱ ﺑﻤﻘﺪﺍﺭ  ، % 4.88ﺳﺮﻋﺔ ﺟﺮﻳﺎﻥ ﻫﻮﺍء ﺍﻟﺘﺒﺮﻳﺪ ﺗﺘﻌﺠﻞ ﻭﺗﺘﺒﺎﻁﻰ ﺧﻼﻝ ﺍﻟﻤﻤﺮ ﺍﻟﻤﺘﻤﻮﺝ
ﻭﺍﻥ ﻣﻌﺎﻣﻞ ﺍﻻﺩﺍء ﺍﻟﺤﺮﺍﺭﻱ ﻋﻠﻰ ﻁﻮﻝ ﺍﻟﻤﻤﺮ ﺍﻟﻤﺘﻤﻮﺝ ﺍﻋﻠﻰ ﻣﻦ  1ﻭﻫﺬﺍ ﻧﺎﺗﺞ ﻋﻦ ﺣﻘﻴﻘﺔ ﺍﻥ ﺍﻟﺠﺪﺭﺍﻥ ﺍﻟﻤﺘﻤﻮﺟﺔ ﺗﺨﻠﻖ ﻅﺮﻭﻑ
ﺍﺿﻄﺮﺍﺏ ﻭﺗﺰﻳﺪ ﻣﻦ ﻣﺴﺎﺣﺔ ﺍﻻﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﻱ ﻭﺑﺬ ﻟﻚ ﺗﺆﺩﻱ ﺍﻟﻰ ﺯﻳﺎﺩﺓ ﻣﻌﺎﻣﻞ ﺍﻻﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﻱ ﻟﻠﻤﻤﺮ ﺍﻟﻤﺘﻤﻮﺝ ﻋﻦ ﻗﻴﻤﺘﻪ ﻟﻠﻤﺮ
ﺫﻭ ﺍﻟﻤﻘﻄﻊ ﺍﻟﻌﺮﺿﻲ ﺍﻟﺪﺍﺋﺮﻱ.

Introduction
Gas turbines are strongly efficient engineered main movers that transferring energy from
thermal (at combustion stage) to mechanical form – are excessively used for propulsion and
power production systems. Typically, gas turbines operate at high temperatures that often range
from (1644 to 2199) K [1,2]. Engineers raised the gas turbine inlet temperatures in order to
receive larger thermal efficiency and larger production of power, and advanced in constructing
the temperatures to higher magnitudes as yet remains. The engines gas turbine components are
mainly deal with the largest values of temperature for which are quite behind the permissible
material limit [3]. The turbine blades often cooled by the air removed from the engine
compressor. The duty is reservation largest metal temperature under the magnitudes determined
by material potency and avoiding the high temperature changing according to the turbine blade
in order to take part of reasonable life and operational needs by excerpt the minimal cooling air
potential. To attain this duty, individual techniques are performed to optimize the turbine blade
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cooling. The main cooling internal zones in a turbine blade are: regions close blade leading edge
usually cooled by impingement cooling while at the central regions, air is ducted by
overelaborate passages which are often ribbed, and the trailing edge zone is usually armed with
pin-fins arrangement as shown in figure (1) [4].

Fig. (1) A modern cooling concepts of the gas turbine engine [4]

Kittisak et al. [5] studied the transfer of heat using turbulators as nozzle and generator as
swirl in the constant heat flux pipe. In the experimental part, the turbulators of nozzle were
inserted by fitting nozzles inside the test pipe with different pitch ratios of PR = 2.0, 4.0, and 7.0,
while the generator of snail swirl was putted at the entry of test pipe. Safely, largest friction
factor and heat transfer than the case of plain pipe at the same conditions were found. It was
discovered that the rate of heat transfer and friction factor rises with decreasing the pitch ratio.
For the range examined, the highest value of Nusselt numbers for the case of using the
enhancement apparatus with PR = 2.0, 4.0 and 7.0 are 374%, 342% and 309%, respectively, if
compared with the plain pipe.
Hiral Prajapati [6] reported studies of CFD for Nusselt number, friction factor and
enhancement of heat transfer with the Re-Normalization Group (RNG) and (k-ε) turbulence
model for a circular tube equipped with wire coil insert. Result exhibited that the wire roll with
pitch/diameter of (0.434, 0.651 and 0.868) able to consolidate the heat transfer up to (4.98, 5 and
4.3) times, respectively and values of friction factors up to (5.82, 4.06 and 3.3) times,
respectively, if compared with plain pipe. Wire roll with rib height/diameter of (0.038, 0.128 and
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0.171) gave enhancement in heat transfer (4.99, 5.92 and 7.6) times, respectively and
enhancement in friction factor (5.82, 19.97 and 35.7) times, respectively that plain tube.
Onur and Ali [7] achieved a CFD study of flows over walls of heated ribbed with the effect
of the Reynolds number and height of rib. Laminar and turbulent flow with fixed thermo
physical properties was presumed for air at two values of the initial stream wise Reynolds
number of (2.7x105 and 3.4x106). The method of finite-volume was used to solve the governing
equations, coupled with the (k-ε) turbulence model with near-wall treatment. Results presented
that the presence of the ribs can effectively promote the heat transfer. The values of enhancement
in heat transfer was raised with rib height and be larger in laminar than that of turbulent flows.
Arkan Al Taie et al. [8] presented an investigation of heat transfer characteristics and thermal
performance in 50 cm stainless steel tube length, the outside diameter was 60 mm with inside
diameter of 30 mm and constant surrounding hot air temperature ranged 1000, 1200 and 1400 K.
The (k-ε) model is used in ANSYS - FLUENT 14.5 to simulate turbulence. The special
arrangement of ribs (triangular cross section of 5x5 mm) were putted in the tube with pitch of 8
cm. Results of distribution for temperature and velocity along the tube centerline for the circular
pipe with ribs were compared with that of smooth case (without ribs) , these results indicate that
the use of internal ribs increase the rate of heat transfer and found to rejoice the highest
performance factors for turbulent flow.

Arkan Al Taie et al. [9] presented an investigation of coolant air flow forced convection (10
m/s velocity) in 50 cm long stainless steel circular pipe with 60 mm outer diameter and 30 mm
inner diameter at constant hot air surrounding temperature of (1000, 1200 and 1400 K). The
well-defined model (k-ε) is used to simulate turbulence in ANSYS - FLUENT 14.5. A special
configuration of opened circular rib with (5x7 mm cross section) is putted in the tube circular
pipe and spaced by 8 cm pitch. The results of distribution for temperature and velocity along the
pipe centerline for the tube with ribs were compared with the smooth one , the use of internal
ribs increases the heat transfer and thermal performance factors.
Mohammed W. Al-Jibory et al. [10] achieved an experimental and numerical investigation
for using circular ribs in rectangular passages for inlet coolant air temperature of 300 K,
surrounding hot air temperature of 473 K and coolant air flow Reynods number (7901, 9500 and
11500). Researchers achieved the numerical part by solving the governing equations (continuity,
Reynolds averging Navier-Stokes and energy) in turbulent regime with (K-ߝ) model in three
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dimensions by using the fluent version (15). The used ribs with height (e=0.005 m) and rib-rib
spacing (P=0.05 m) fitted in 60x30 mm rectangular cross section passage with 0.5 long. The
coolant air temperature for rectangular passage with ribs found to be higher than for the smooth
case by (6.4 %). The temperature distribution for the inner wall surface with ribs is lower than
for the smooth one by (3.21 %).

In this paper, the effect of using corrugated passages instead of circular cross section
passages in gas turbine blade with different internal flow of coolant air and uniform wall surface
temperature will be examined using Fluent 14.5.

Governing Equations
The basic equations that describe the flow and heat by using ANSYS- Fluent 14.5
in 3D are momentum conservation, mass, and energy equations. These, equations numerically
describe three-dimensional, turbulent and incompressible flow [11].
The assumptions that used for the instantaneous equation are:
1- Steady, three-dimensional, incompressible flow, single-phase flow, no-slip, irrotational.
2- Thermal-equilibriums.
(i)

Conservation of Mass:
డఘ
డ௧

డ௨

డ௩

డ௪

 డ௫  డ௬ 

డ௭

 ൌ Ͳ …………………………………..…….(1)

(ii) Momentum Equations:
a) Momentum equation in the X-direction:
డఘ௨
డ௧



డሺఘ௨௨ሻ
డ௫



డሺఘ௩௨ሻ
డ௬



డሺఘ௪௨ሻ
డ௭

డమ ௨

డ

డమ ௨

డమ ௨

ൌ െ డ௫  ߩ݃௫  ߤ ቂడ௫ మ  డ௬ మ  డ௭ మ ቃ …….….(2)

b) Momentum equation in the Y-direction:

డఘ௩
డ௧



డሺఘ௨௩ሻ
డ௫



డሺఘ௩௩ሻ
డ௬



డሺఘ௪௩ሻ
డ௭

డమ ௩

డ

డమ ௩

డమ ௩

ൌ െ డ௬  ߩ݃௬  ߤ ቂడ௫ మ  డ௬ మ  డ௭ మ ቃ …(3)

c) Momentum equation in the Z-direction:
డఘ௪
డ௧



డሺఘ௨௪ሻ
డ௫



డሺఘ௩௪ሻ
డ௬
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ப
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Energy Equation
ப୦

ப

ப୦

ப

ப୦

ቀɏ െ ʒ ப୶ ቁ  ப୷ ቀɏ െ ʒ ப୷ቁ  ப ቀɏ െ ʒ ப ቁ ൌ Ͳ ………..(5)
Where;
ʒ ൌ ߤȀܲ…………………………………………… ݎ...…….(6)

(iii)

Turbulence Model

The turbulence model that utilized in this analysis one of the well-defied turbulence models (the
two-equation model) of kinetic energy (K) and its dissipation rate (E) [12, 13].
(i)

ப୩
ப୲

Turbulence Energy, (k):

ப

ப

 ப୶ ሺɏ୧ ሻ ൌ ப୶ ቀɊ 


ౠ

(ii)
பக
ப୲

ஜ౪

ቁ

ப୩

ౡ ப୶ౠ

൨

୩

െ ɏɂ ……………………..(7)

Energy Dissipation Rate, (ε) [13]:

ப

ப

 ப୶ ሺɏɂ୧ ሻ ൌ ப୶ ቀɊ 


ౠ

ஜ౪


பக

க

ቁ ப୶ ൨  ቀɏଵக ୩
ౠ

୩ቁ

கమ

െ ቀɏଶக ቁ ……..(8)
୩

Where;
The turbulent (or eddy) viscosity,ሺɊ୲ ሻ:
ߤ௧ ൌ ߩܥఓ

మ
ఌ

……………………………………………………………(9)

Also, the breeding of turbulence kinetic energy caused by the mean velocity gradients (Gk):
۵ ܓൌ ૄ ܁ ܜ ………................................................................... (10)

܁ǣ IS THE MEAN STRAIN TENSOR RATE , DEFINED AS :
 ܁ൌ ඥ……… ܒܑ܁ ܒܑ܁.................................................................. (11)

 ܒܝ

ܝ

ܑ

ܒ

 ܒܑ܁ൌ  ൬ ܠ  ܑ ܠ൰ ………........................................................(12)
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Mesh Generation
The computational mesh genration that is adequate for the discretized solution of three
dimentional conservation energy, continuity, momentum equations have been the matter of heavy
researches. In this work, the shape of elements were prism with triangular base, and cube shape
(hexahedron), as shown in figure (2).

Fig. (2) Mesh generation of the corrugated passage

Results and Discusion
Figures (3) and (4) show a focused view of the temperature contours along the anterior
section (Z-axis), of the circular cross section and corrugated passage, respectively. The
temperature at an inlet temperature of (300 K) with flow Reynolds number of (191000). The
surrounding hot air temperature was 1700 K.

Fig. (3) Temperature contour in (K) at (Z-axis) along the circular cross section passage
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Fig. (4) Temperature contour in (K) at (Z-axis) along the corrugated passage
Figure (5) shows contour of temperature distribution for circular cross section passage for
surrounding hot air temperature of (1700 K) , inlet air temperature (300 K) and inlet air flow
Reynolds number (Re=191000). It was shown that the cooling air temperature at passage
centerline remained constant throughout the it, while the coolant air temperature was unaffected
in the channel centerline till (10%) of the passage length and then gradually increased as shown
in figure (6). This is due to the effect of circulation generated by the corrugated wall which
clearly enhances the transfer of heat between the hot wall and the coolant air flow stream.

Flow Direction

Fig. (5) Temperature distribution contour through circular cross section passage

Flow Direction

Fig (6): Temperature
Temperatur distribution contour through corrugated passage
Fig.
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Figure (7) reveals that the cooling air velocity at circular cross section passage centerline
increased downstream constant throughout it, while figure (8) presents the velocity distribution
contour through the corrugated passage ,The coolant air flow was accelerated and decelerated
through the passage, due to the corrugated wall.

Flow Direction

Fig. (7) Velocity distribution contour through circular cross section passage

Flow Direction

Fig. (8) Velocity distribution contour through corrugated passage

Figures (9) and (10) display contours of temperature distribution across the wall and
passage in (K) at locations of (Z= 37.5, 75, 112.5, 150, 187.5, 225, 262.5 and 300) cm along the
test section for constant surrounding hot air of 1700 K and coolant air flow Reynolds number of
(191000). It can be seen that the local section of corrugated passage seems to have higher heat
transfer rate from the wall surface to the coolant air stream than the circular cross section.
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Z=37.5

Z=75

Z=112.5

Z=150

Z=187.5

Z=225

Z=262.5

Z=300

(JPR&S)

Fig. (9) Local temperature distribution contours through (Z-axis) of circular passage
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Z=150

Z=187.5

Z=225

Z=262.5

Z=300

(JPR&S)

Fig. (10) Local temperature distribution contours through (Z-axis) of corrugated passage
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Figure (11) shows the cooling air temperatures at the passage centerline for a constant
surrounding hot air temperature (1700 K) , inlet air temperature (300 K) and coolant air flow of
(Re=191000). The coolant air temperature at the corrugated passages centerline seems to be
higher than that for circular cross section passage. This because of corrugated wall make vortices
and then leads to rise the heat transferred from the channel wall to cooling air stream, and thus
lead to increase the coolant air temperature by (12.3%).

340

T (K)

330
320
Circular Passage

310

Corrugated Passage

300
290
0

0.5

1

1.5

Z/L

Fig. (11) Coolant air temperature at the passage centerline for air flow velocity of 10 m/s
Figure (12) presents the temperature distribution along the inner passage surface, it can be
seen that using corrugated passage reduces the inner wall temperature surface. This is due to that
the corrugated wall create wakes and then lead to generate vortices. This lead to enhance the rate
of heat transfer from the hot wall to the coolant air stream, i.e. increase the coolant air

Tw (K)

temperature and decrease temperature in the wall by (4.88%).
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1
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Fig. (12) Temperature at the inner wall surface along the passage for air flow velocity of 10
m/s
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Figure (13) presents the thermal enhancement factor (heat transfer coefficient of corrugated
passage divided by heattransfer coefficient for the circular cross section), it can be seen that the
thermal enhancement factor is always be larger then 1, this means that the corrugated surface
lead to give more heat transfer area and so increasing the flow turbuelence which cause in
increasing the enhancement factor.
1.9
1.8

h/ho

1.7
1.6
1.5
1.4
1.3
0

0.2

0.4

0.6
Z/L

0.8

1

1.2

Fig. (13) Enhancement factor along the passage for air flow velocity of 10 m/s
Figure (14) reveals the coolant air flow velocity along the corrugated passage centerline, it
can be seen that the coolant air flow velocity was accelerated and decelerated through the
passage due to the corrugated wall surface.

10.6
Velocity (m/s)

10.5
10.4
10.3
10.2

Circular Passage

10.1

Corrugated Passage

10
9.9
0

0.5

1

1.5

Z/L

Fig. (14) Velocity distribution along the passage centerline for air flow velocity of 10 m/s
Fig.(15) displays the friction factor ratio (friction factor of corrugated passage divided by its
value for circular cross section) against Reynolds number of the coolant air flowed through the
passage, the increase in Reynolds number accompanied with decreasing in friction factor ratio,
the maximum value at (Re=191000).
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Fig. (15) Friction factor ratio for different air flow Reynolds number

Figure (16) reveals coolant air temperature along the passage centerline for different
coolant flow Reynolds number, the increase in Reynolds number increases coolant air
temperature and reduces the inner wall passage temperature (as shown in figure (17)), because
the increase in flow Reynolds number lead to increase in flow turbulence which lead to enhance

T (K)

the rate of heat transfer from the passage wall to coolant air stream.
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Fig. (16) Coolant air temperature at the corrugated passage centerline for different air flow
Reynolds number
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Fig. (17) Temperature at the inner wall surface along the corrugated passage for different
air flow Reynolds number

Conclusions
From the present work, the following conclusions can be obtained:
1. The coolant air temperature for corrugated passage was higher than that for circular cross
section passage by (12.3 %).
2. The temperature distribution in the inner wall surface for the corrugated passage is lower
than that for circular one by (4.88 %).
3. The coolant air flow velocity was accelerated and decelerated through the corrugated
passage, due to the corrugated wall.
4. The thermal performance factor along the corrugated passage is larger than 1, meaning
that the heat transfer coefficient for corrugated arrangement passage always exceeds the
circular case.
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Nomenclature
Symbol

Description

Dimension

Generation of turbulence kinetic energy

G

due to the mean velocity gradients

kg/m3.s

݃

Ground accelerate

m/sec2



Specific enthalpy

kJ/kg.K

݄

  

/m2.K



  

ȀǤ 





N/m2

Re

Reynolds number

---



-of-strain tensor

---

T

Temperature

o

C

Velocity component in Cartesian

u, v, w

coordinate

X,Y,Z

Cartesian coordinate

m/s
m

Greek Symbols
Symbol

Description

Dimension

߲

Partial differential operation

---

μ

Dynamic viscosity

kg/m.sec

ε

Turbulence eddy dissipation rate

m2/sec3

κ

Turbulent kinetic energy

m2/s2

ρ

Density

kg/m3

ƒ

Friction factor

---

Subscripts
Symbol

Meaning

i, j, k

The three coordinate direction

s

Surface

t

Turbulent

Abbreviation
Symbol

Description

CFD

Computational fluid dynamic

FLUENT

Fluid And Heat Transfer Code

ANSYS

Analysis System

3D

Three Dimension
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