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Abstract 

The effect of the upstream wake on the blade heat transfer 
has been numerically examined. The geometry and the flow 
conditions of the first stage turbine blade of GE’s E3 engine 
with a tip clearance equal to 2 percent of the span was utilized. 
Based on numerical calculations of the vane, a set of wake 
boundary conditions were approximated, which were 
subsequently imposed upon the downstream blade. This set 
consisted of the momentum and thermal wakes as well as the 
variation in modeled turbulence quantities of turbulence 
intensity and the length scale. Using a one-blade periodic 
domain, the distributions of unsteady heat transfer rate on the 
turbine blade and its tip, as affected by the wake, were 
determined. Such heat transfer coefficient distribution was 
computed using the wall heat flux and the adiabatic wall 
temperature to desensitize the heat transfer coefficient to the 
wall temperature. For the determination of the wall heat flux 
and the adiabatic wall temperatures, two sets of computations 
were required. The results were used in a phase-locked 
manner to compute the unsteady or steady heat transfer 
coefficients. It has been found that the unsteady wake has 
some effect on the distribution of the time averaged heat 
transfer coefficient on the blade and that this distribution is 
different from the distribution that is obtainable from a steady 
computation. This difference was found to be as large as  
20 percent of the average heat transfer on the blade surface. 
On the tip surface, this difference is comparatively smaller and 
can be as large as four percent of the average.  

Nomenclature 
C  axial chord 
K reference thermal conductivity 

Nu Nusselt Number = hC/K 
P pressure 
Q heat flux (nondimensionalized by K0T0/C 
R  local radius 
S wetted distance along the blade, positive on the 

suction side and negative on the pressure side 
T temperature normalized by the inlet free-stream 

absolute temperature 
Tu  turbulence intensity 
h heat transfer coefficient = qw/(Taw – Tw) 
n number of vanes per row 
q wall heat flux 
t time  
θ local tangential angle 
τ time period for one wake passage 

Subscripts 

0 absolute total value  
a adiabatic 
amp  amplitude 
bg  background value 
w wall value 
x  axial value 

Introduction 
Improvements in the accuracy of computations of heat 

transfer at the interface of turbine blade with the hot gases are 
essential to the design of enhanced turbine components. As 
turbine flows are unsteady, the question arises as to whether 
unsteady computations would add information that would 
contribute to the accuracy of the computations. This is nearly 
impossible to ascertain experimentally as the equivalent steady 
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conditions are very difficult to configure in a turbine rig. The 
differences in the results of unsteady and steady computations 
are however possible to assess and decide if the significant 
expenditure of additional resources would be justified. Such 
unsteady computations can be made in various modes. The 
most practical of them is the use of Unsteady Reynolds-
Averaged Navier-Stokes (URANS) analysis, which has been 
used here. Such models are closed using a turbulence model. 
The additional assumption made is that these models do in fact 
represent the mutual effect of flow and turbulence by treating 
the turbulence variables as time dependent (adding a d/dt 
term) without any additional modeling. 

In an earlier paper, Ameri et al. (ref. 1), computed the 
surface and tip heat transfer coefficient for rotating blades of 
the first stage high-pressure turbine of GE-E3. We made 
several simplifications to facilitate the computations. We 
assumed that the number of vanes is the same as the number 
of blades. We assumed a one way coupling between the stator 
and rotor through the use of ‘gust’ boundary conditions. In 
doing so, we neglected the thermal wake (and the hot streaks 
from the upstream combustor). We explored the 1:1 
vane/blade simplification in a preliminary study that showed 
little difference in the time mean heat transfer between a 1:1 
and 2:3 vane/blade count and thus found the average heat 
transfer not to be sensitive to this ratio in the range studied. As 
for the inlet total pressure upstream of the rotor used in the 
gust boundary condition, we computed the flow through the 
vane passage apriori to obtain the total pressure distribution 
downstream of the vane. Fitting an approximate analytical 
function of time and location to describe the variation, we 
used this function to prescribe the total absolute inlet pressure. 
We computed the heat transfer coefficient for the blade and 
found some differences between the average of unsteady 
computation of heat transfer and a steady computation of heat 
transfer based on mean conditions. The differences which 
were mainly concentrated near the tip of the blade on the 
suction side were highlighted. No appreciable difference in 
heat transfer was found on the blade tip.  

In this paper, we continue our simplifying assumptions but 
we improve the computations in two ways. First, we include 
the thermal wake behind the vanes in addition to the 
momentum wake and second, we compute the adiabatic wall 
temperature and compute the ‘true’ heat transfer coefficient. 
The heat transfer coefficient thus computed would be 
independent of the wall temperature which is not uniform on 
the actual blade surfaces. If we were to perform a conjugate 
heat transfer analysis, no further external flow computations 
would be necessary and the heat transfer coefficient and the 
adiabatic wall temperature would be all that is needed. Of 
course, this is true as long as no film cooling is being 
performed.  

Review of the literature on unsteady RANS calculations 
including the rotor/stator interaction would reveal the work of 
Rao et al. (ref. 2) who used a 2 to 3 vane to stator blade count 
and a two-dimensional code to simulate the unsteady pressure 
and heat transfer. In fact the experimental work, which was 

carried further to different vane/blade spacings, reported by 
Dunn et al. (ref. 3) was specifically designed with 45 rotor 
blades and 30 stator blades to provide a data base for 
numerical verification. Most turbine data come from rigs 
which are not as forgiving to CFD methods. In the absence of 
such convenience, Michelassi et al. (ref. 4) rescaled the blade 
to maintain a one to one ratio of the vane-blade count and used 
a three-dimensional methodology to calculate the blade heat 
transfer. Abhari et al. (ref. 5) used the two-dimensional code 
UNSFLO which uses a transformed Euler scheme to 
accommodate the vane to blade count ratio to compute the 
rotor stator interaction in a quasi-three-dimensional manner. 
The viscous layer was computed using a thin layer 
approximation and an algebraic turbulence model was used. 
Dunn et al. (ref. 3) studied the effect of vane/blade spacing on 
both the vane and blade for three different spacings. The study 
was performed for the mid span. They measured the unsteady 
heat flux and computed the same using a two-dimensional 
computer program UNSFLO. 

In reference 6, Ameri et al. used a simple analysis to 
determine the effect of wake unsteadiness on a ‘sliver’ of the 
blade without accounting for the three dimensional effects. 
They found no appreciable difference between the time-
averaged blade heat transfer and the blade heat transfer 
obtained using a steady analysis. It was also found that quasi-
steady analysis of the blade without the effect of rotation leads 
to erroneous results with respect to the unsteady envelope of 
heat transfer. Surprisingly, the average thus computed did not 
differ appreciably from the time mean or steady values.  

There are many experimental works which measure the 
unsteady blade passage heat transfer aside from the 
measurements done in various works by Dunn et al. as 
mentioned above. For example, Denos et al. (ref. 7) and Chana 
 

 
Figure 1.—Total pressure and total temperature at the exit 

boundary of the guide vane. 
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et al. (ref. 8) have made heat transfer measurements in a 
rotating stage. The former has made heat transfer 
measurements on the blade surface and has considered the 
effect of rotation rate while in the latter the effect of cooling of 
the vane on the rotor blade heat transfer has been examined. 
The increase in the rotation rate in reference 7 is shown to 
advance the location of transition upstream on the rotor blade 
suction surface and increase the level of heat transfer on the 
pressure side. This could be due to increased buffeting by the 
wake or due to a change in the relative inlet angle, although, 
the latter possibility has been rejected in reference 7.  

In the present paper, as with reference 1, we have examined 
the issue of unsteady heat transfer in high pressure turbine 
blade passages as related to passing of upstream wakes. The 
wake has a deficit in total pressure and temperature and as 
well, possesses a wake-like profile of turbulence intensity and 
length scale. The variation in total temperature typical of 
cooled vanes has been included in this paper as it was absent 
from reference 1. A numerical experiment is presented that 
compares the time mean heat transfer, computed with an 
unsteady analysis method against computations of and heat 
transfer using a simpler steady analysis. The difference will 
reveal the error incurred by not taking the unsteadiness into 
account by means of a steady computation.  

Computational Preliminaries 
The computer code used for this study was Glenn-

HT2000. The numerical procedure uses a finite-volume 
discretization scheme that is second order accurate in time and 
space. An implicit time marching scheme is implemented 
using subiterations. The turbulence model used for the 
calculations was the Low Reynolds number k-ω model of 
Wilcox (ref. 9) which integrates to the walls (i.e., without the 
use of wall-functions). The grid used was quite fine adjacent 
to the blade (maximum value of y+ < 1) in the boundary layer. 
The turbulence model is able to produce an effect similar to 
the transition from laminar to turbulent flow. In practice, 
however, the transition is not guaranteed to be in the 
appropriate location. In fact it is often triggered very near the 
leading edge which is what occurred in our computations 
making them turbulent except near the stagnation line. Further 
details about the code may be found in Ameri et al. (ref. 10). 
The present version of the computer code is fully parallelized 
and uses Message Passing Interface (MPI) for parallel 
processing. The three-dimensional cases were run on 48 
processors of a 98 processor Xeon Linux Cluster. 

The Geometry and Conditions 

The geometry and the flow conditions of the first stage 
turbine blade of GE’s E3 engine (refs. 11 and 12) have been 
used to obtain the unsteady three-dimensional blade and tip 
heat transfer. The blade was rotating at 8400 rpm. The 
pressure ratio across the rotor blade based on the stage total 

pressure was 2.27. There were 76 blades and 46 vanes or a 
blade-vane ratio of 1.65. The tip clearance was 2 percent of 
the blade span. The blade heat transfer was previously 
computed in references 10 and 12. The numerical scheme has 
been experimentally validated for tip heat transfer 
computations in references 13 and 14. 

The effect of the upstream wake of the first-stage vane on 
the blade heat transfer and pressure was simulated. The vane 
flow was computed separately as will be described below. 

Vane Computation and the Wake Shape 

The guide vane flow was computed using the same code in 
steady mode. The pressure ratio was 0.59 at the hub. A 
specific heat ratio of 1.36 was used for the stage. The wall 
temperature was specified as 0.7 times the inlet total 
temperature to make the conditions representative of the actual 
flow conditions. The total pressure and temperature thus 
computed are shown in figure 1. The total pressure in the 
wake thus produced was approximated with a trigonometric 
function as follows 
 
 ( ) ( )[ ]{ }1000 2sin15.00.1, τπ+θ−=θ − tnPtP bg  (1) 
 
Where the subscript of bg designates the background value 
which is a function of radial position only. As for the thermal 
wake behind the vane the expression used was 
 
 ( ) ( )[ ]{ }1000 2sin05.00.1, τπ+θ−=θ − tnTtT bg  (2) 
 
The wake turbulence and length scale were also fitted with 
trigonometric functions and specified at the inlet. The 
background level for turbulence intensity was 2 percent and 
the amplitude was 3 percent for a peak value of 5 percent, i.e., 
 
 ( ) ( )[ ] 62sin, τπ+θ+=θ tnTuTutTu ampbg  (3) 
 
The same applies to the length scale with a background level 
of 0.01*Cx and a peak of 0.025*Cx. The average inlet 
turbulence was computed to be 2.6 percent with an average 
length scale of 0.015 Cx. It should be noted the turbulence 
intensity as specified at the inlet is a fraction of absolute free 
stream velocity. As a fraction of the relative velocity, the 
average inlet turbulence level is about 7 percent. This is 
because, at the midspan, the inlet absolute velocity approaches 
the blade at 75° and the relative velocity’s approach is at 
approximately 45° thus yielding 2.7 as the ratio of the absolute 
velocity to the relative velocity.  

Further Simplifications 

To reduce the cost of the computations, a wake passing 
frequency corresponding to a one to one vane blade ratio was 
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used. This simplification was based upon a separate 
preliminary study reported in reference 1 which showed that 
for the purposes of average heat transfer the wake frequency 
for a 1:1 ratio and 2:3 ratio yield the same average heat 
transfer. The vane to blade ratio for the actual engine was 
46/76 which is close to the 2:3 ratio studied.  

The Grid 

Figure 2 shows the blade and hub endwall surface as 
represented by the grid used for the three dimensional 
computations performed in this work. The grid contained 164 
blocks and had a total of 1.8 million nodes. There are 65 nodes 
across the tip gap in the radial direction. The grid density from 
the hub to the tip was 101 nodes. An unstructured grid 
topology with individual structured blocks was used. This 
offers the flexibility of refining the grid locally as needed 
without unduly refining the grid in areas where such 
refinement is unnecessary. The grid density was arrived at 
after running exploratory computations similar to those 
already mentioned in the last section. The grid was deemed 
sufficiently refined when able to support a wake without it 
dissipating. A dimensionless time step of .005 was used after 
comparing results using time steps of 0.001, 0.0025, 0.005 and 
0.01. The results showed that the time histories for the first 
three time steps were identical, while the larger 0.01 deviated 
from that time history. The larger time step of 0.005 also 
resulted in fewer total subiterations and faster convergence. 
For the time step size there were 320 time steps required to 
cover the passing of a wake across a single blade passage. 

 
Figure 2.—Grid on blade hub and blade surfaces. 

 

Results and Discussion 
Blade Surface Heat Transfer 

Unsteady Heat Transfer 

In figure 3, we have shown the unsteady variation of heat 
transfer rate in the form of normalized heat flux on the blade 
surface. We have shown four different snapshots within a 
period of a wake-passing going from left to the right and 
repeating again. On the suction side (top row), a large patch of 
high heat transfer continuously moves downstream on the 
surface. Time periodic behavior is also apparent near the hub 
and on the tip of the blade. On the pressure side (bottom row), 
the periodic behavior is again apparent. A low heat transfer 
patch starts upstream, moves downstream, and spreads. Still 
farther in time, it retracts and reduces to the small area 
upstream. There is obviously, an unsteady variation in blade 
heat transfer. The question is whether this variation is, on the 
average, important. 

Recently, in reference 1, we computed the unsteady rate of 
heat transfer for the present configuration as influenced by the 
vane’s momentum wake. We did not include the effect of the 
thermal wake. We found that the unsteady effect, on the blade, 
as measured by the percent difference between the average of 
the unsteady and equivalent steady conditions on the blade 
surface was somewhat significant but not on the tip. In the 
present computations, we have included the thermal wake. We 
have here computed the heat transfer coefficient using the 
adiabatic wall temperature to gauge the effect of the thermal 
wake on the heat transfer coefficient. This has been for the 
case of no-thermal wake (momentum wake, only) and with the 
thermal wake. In order to compute the heat transfer coefficient 
two separate calculations were performed. In the first one a 
constant temperature boundary condition of Tw=0.7 was used. 
From this, the wall heat flux was computed. In order to 
compute the heat transfer coefficient, which would be 
independent of the wall temperature and sensitive to the local 
“bulk” temperature, the adiabatic wall temperature was 
computed. This was accomplished by setting the wall heat flux 
to zero and computing the wall temperature. Heat flux along 
with the adiabatic wall temperature and the heat transfer 
coefficient are averaged and presented below.  

In figures 4 to 12 which present the blade surface results, 
we have shown both the suction side and the pressure side of 
the blade and variables are plotted along the distance over the 
blade surface measured from the minimum axial distance. 
Positive side is the suction side and negative side is the 
pressure side. The radial direction is the ordinate. 

To start, in figures 4 to 6 the no-thermal wake case in 
reference 1 is revisited and the adiabatic temperature and 
Nusselt evaluated and presented.  
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 t=0 t=T/4 t=T/2 t=3/4T 

             
 t=0 t=T/4 t=T/2 t=3/4T 

 
 

Figure 3.—Blade surface heat flux at four equally spaced times in a period of wake passing.  
Suction side, top row, and pressure side, bottom row. 

 
Figure 4 present the average heat flux. As expected, the 

heat flux is the largest around the leading edge, near the tip 
where the tip clearance vortex is active and on the pressure 
side near the tip where the “sink” effect is most pronounced. 
Figure 5, shows the time average of the adiabatic wall 
temperature. It is interesting to observe that on the suction 
side, near the tip, the adiabatic wall temperature (fig. 5) is as 
high as (or even higher) than the value observed near the hub 
and around the leading edge. At this location near the tip, Taw 
is the highest on the blade. This is because the fluid flowing 
along that part of the blade passage has gone over the tip and 
has not done any work, thus maintaining a total temperature 
that is near the absolute stage total temperature. This would 
lead to elevated wall temperatures that would need to be 
accounted for in the thermal management of the blade. 
Computed also is the heat transfer coefficient. The unsteady 
wall heat flux and the unsteady local adiabatic wall 
temperature which are in phase, with respect to the inlet wake 
are used to compute the heat transfer coefficient.  

 
No thermal wake 

 

 
Figure 4.—Distribution of average wall  

heat flux on the blade surface. 
 

Q 
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No thermal wake 

 
Figure 5.—Distribution of the average adiabatic wall 

temperature over the blade surface. 
 
 

No thermal wake 

 
Figure 6.—Average heat transfer coefficient  

distribution over the blade surface. 
 
 
 ( )awww TTQh −=  (4) 
 
Heat transfer coefficient, nondimensionalized in the form of 
Nusselt number, is shown in figure 6. It was computed by 
averaging the Nu over a wake-passing period.  

The plots of the computations that result from the 
momentum and thermal wakes are shown in figures 7, 8, and 
9. The heat flux and the adiabatic wall temperature are 
commensurately lower than the case without the thermal 
wake. The heat transfer coefficient however is unchanged as 
might be expected due to the proper scaling.  

Experimentally, it has been shown by Chana et al. (ref. 8) 
that the presence of the thermal wake resulting from cooling 
the vane surface, leads to a reduction of blade surface heat 
transfer. This they explain is caused by a reduction of the 
‘bulk temperature’. They do not present the effect of the 
thermal wake in terms of Nusselt number but, the unscaled 
thermal flux of figures 4 and 7 agree with that conclusion. 

Cooled upstream vane, the thermal wake present 

 
Figure 7.—Distribution of average wall  

heat flux on the blade surface. 
 
 

Cooled upstream vane, the thermal wake present 

 
Figure 8.—Distribution of the average adiabatic wall 

temperature over the blade surface. 
 
 

Cooled upstream vane, the thermal wake present 

 
Figure 9.—Average heat transfer coefficient  

distribution over the blade surface. 
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Steady Flow Conditions 

The results derived from the unsteady computations are 
now compared with those from a set of steady computations. 
Again, two computations were made. One using an adiabatic 
boundary condition to isolate the external flow effects and the 
second to compute the wall heat flux at a fixed wall 
temperature. To make the conditions equivalent, the inlet total 
pressure and total temperature averages, over a wake passing 
period, were computed from the wake profiles and assigned as 
inlet conditions to the steady computations. Instead of 
presenting the results of the steady computations, the 
differences between the steady and the unsteady computations 
will be shown.  

Difference Between Unsteady and Steady Computations 
Figure 10 shows the percent difference in the heat flux 

between the average of the unsteady wall heat flux and the 
steady heat flux. The differences are similar to that reported in 
reference 1. The difference in the adiabatic wall temperature is 
shown in figure 11. The difference appears to be small as a 
percentage of the average of the unsteady adiabatic 
temperature. The difference in Nusselt number based on the 
heat transfer coefficient defined in equation (4) is presented in 
figure 12. The picture is very much similar to what was shown 
in reference 1. The large difference near the leading edge was 
attributed to the differences in the start of transition which 
occurs somewhat earlier with the wake induced unsteadiness. 
This difference in the leading edge heat transfer and to a lesser 
extent on the pressure side of the blade was eliminated in 
reference 1 by adjusting the turbulence intensity upwards, 
namely, from an average of 2.6 to 3 percent. The difference in 
the heat transfer in other areas were not affected by the 
adjustment in turbulence intensity. The largest difference was 
shown to be near the tip on the suction side. As shown in 
figure 12, the difference in the Nusselt number is as much as 
20 percent on the suction side near the tip. On the pressure 
side, this difference is up to 8 percent which was consistently 
higher than the steady results. This agrees with the results of 
Denos et al. (ref. 7) which show increase in the pressure side 
heat transfer with increase in the rotation rate. This may be 
attributable to an increase in turbulence level if not due to a 
net change in the inlet relative angle. On the suction side, there 
are areas of negative difference but, they are matched with 
positive areas and thus represent a shift and not a net change. 
It is also interesting to note that the variation in the heat 
transfer coefficient correlates very well with the changes in the 
wall heat flux and thus the differences in the adiabatic wall 
temperature are not significant.  

Tip Heat Transfer 

Unsteady Average 

The time average of unsteady tip heat transfer measured by 
the normalized heat flux, adiabatic wall temperature and the 
 

Differences Between Steady and Unsteady Results 

 
Figure 10.—Percent difference between the unsteady  

average and steady computation of heat flux. 
 

 
Figure 11.—Percent difference between the unsteady  

average and steady adiabatic wall temperature. 
 

 
Figure 12.—Percent difference between the unsteady  

average and steady heat transfer coefficient. 
 
heat transfer coefficient of equation (4) are presented in 
figures 13 to 15. Only the condition with both wakes are 
presented. The adiabatic wall temperature distribution is 
remarkably flat and suggests a lower recovery temperature as 
compared to the blade surface. The patterns of heat flux 
distribution are as described for example in references 12 and 
13. The heat transfer coefficients are elevated compared to the 
blade surface.  
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Figure 13.—Average of unsteady heat flux. 

 
Figure 14.—Average of unsteady adiabatic wall temperature. 

 
Figure 15.—Average of unsteady heat transfer coefficient 

(Nusselt number). 

 
Figure 16.—Percent deviation from average  

of unsteady Nusselt number. 

 
Figure 17.—Percent deviation from average  

of unsteady adiabatic wall temperature. 

Steady Distribution  

Figures 16 and 17 show the percent difference between the 
average of the unsteady and steady computations. As in 
reference 1 the differences are quite small. The differences in 
the heat flux were at most around 4 percent. The difference 
was mostly positive over the tip surface. The deviation of the 
adiabatic wall temperature was quite small. Note that all the 
differences were normalized by the unsteady average values. 

Summary and Conclusions 
The question of whether an unsteady RANS analysis would 

result in a significantly different convective heat transfer 
coefficient or a steady analysis may be sufficient has been 
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addressed here. Rotor blade surface heat transfer coefficient, 
heat flux and adiabatic wall temperature as influenced by the 
momentum and thermal wakes behind the vane were 
computed. This required two separate unsteady or steady 
computations to be made and the results processed in a phase 
locked fashion. The wake was simulated using a gust type 
boundary condition. The adiabatic wall temperature on the 
suction side near the tip and towards the trailing edge was 
found to be the highest on the blade surface. This would give 
rise to higher surface temperatures in this area which is what 
happens in engines. The unsteady computations of heat 
transfer coefficient when averaged are generally higher than 
the steady values for the same area of the blade pressure side 
by as much as 8 percent. On the suction side, the difference 
was as high as 20 percent near the trailing edge and near the 
tip. The net difference was positive on the suction side but, 
there were negative differences but were caused by a shift. In 
general, the unsteady average blade surface heat transfer 
coefficient is higher than the steady computation.  

Concerning the tip heat transfer, the maximum difference 
observed was about four percent in the middle of blade tip. 

In general, the following statements may be made about the 
differences between the unsteady average and steady results: 

With regard to heat transfer, the average of the URANS 
calculation generally produces a larger result than the RANS 
calculation. The overall difference is roughly 5 percent. 

The objective of this work was to determine if such 
differences would arise and what their relative difference be. It 
seems likely that the URANS result could generally be more 
likely to produce a better result than RANS. After all the 
unsteadiness resolved with URANS is coherent and periodic; 
this is not the type of unsteadiness that characterizes 
turbulence and unlikely for a turbulence model to capture. 
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