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ABSTRACT 

In order to cover non-uniform blade tip gaps within a 

compressor mean line performance program a method is 

developed that derives a generic correlation that converts a 

discretized gap of any shape into an equivalent constant 

clearance applicable for common loss models. This method is 

demonstrated with the example of the NASA Rotor 37. For 

this purpose, the efficiency losses of uniform gap geometries 

are compared with those of non-uniform gaps of the same 

rotor. The efficiency information is provided by flow 

simulation studies. Geometric weighting factors have been 

determined for a correlation function, so that it is now possible 

to infer uniform from non-uniform gaps. This enables a mean 

line representation of blades with non-uniform tips. 

In the example of the NASA Rotor 37, the standard 

deviation of the correlation error of the considered member is 

below the measurement uncertainty for experimental 

determination of the gap size. Validation cases confirm this 

result. 

INTRODUCTION AND OBJECTIVE 

Tip clearance flow effects are well known for their 

influence on the compressor performance. Therefore, 

numerous studies have been carried out to understand these 

effects. For instance in (Smith & Cumpsty, 1984) as well as in 

(Wisler, 1985) the impact of the tip flow is quantified while in 

(Chen, et al., 1991), (Denton, 1993) and (Storer & Cumpsty, 

1993) the tip flow is described analytically. Since these 

models are limited to a few basic geometric input parameters, 

complex structures and their associated losses cannot be 

mapped with common methods. In particular blade tip gaps of 

an axial compressor are specified as an absolute or even 

relative scalar value. This may be sufficient for current 

engines and therefore present loss models such as the 

approach by Traupel (Traupel, 2001) or Aungier (Aungier, 

2003) get by with just this scalar information of the gap 

geometry. However, non-uniform tip geometries will become 

more relevant for the future design of compressors, for 

example to influence secondary flows or as a result of casing 

treatments or variable geometries. These non-uniform blade 

tip gaps cannot be addressed by common loss models which 

leads to an increased uncertainty of the whole performance 

model. 

Therefore, this paper offers a model reduction approach 

to convert non-uniform gap geometries into a scalar gap 

information which can be used as an input for current, well-

proven tip gap loss models for mean line calculation.  

METHODOLOGY 

In order to convert a non-uniform gap into a correlating 

constant gap geometry, a workflow as shown in Figure 1 is 

established.  

 
Figure 1 Summarized workflow to derive the correlation 

between non-uniform gaps and constant gaps 
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The workflow can be divided into four major parts: 

 

1) The determination of the correlation f between the 

efficiency impact Δηis and clearances with a constant 

relative gap δc/h 

2) A study which describes the efficiency impact of 

non-uniform clearances represented by sets of local 

relative gaps 

3) The derivation of a correlation g that relates non-

uniform gaps to representative constants clearances 

4) The validation of the correlation g 

 

Before these sub processes are described in detail, the 

numerical approach shall be examined first. 

Numerical setup 

The flow simulation study is carried out using the CFD 

code FineTM/Turbo from Numeca with a RANS solver and a 

Spalart-Allmaras turbulence model (Spalart & Allmaras, 

1994). The subject of the examination is the transonic axial 

NASA Rotor 37  (Moore & Reid, 1980) using a systematic 

variation of the blade tip geometry. The complete stage is not 

calculated, since effects of the rotor-stator interaction can be 

mapped via other loss models. 

The computational domain as well as the survey planes 

correspond to the specifications of  (Moore & Reid, 1980). 

Figure 2 provides an impression of this. Periodic boundary 

conditions are applied so that only one blade represents the 

complete rotor. 

 

 
Figure 2 Computational domain of NASA Rotor 37 

corresponding to  (Moore & Reid, 1980) 

 

A multiblock O4H-Grid is generated using the 

AutogridTM turbomachinery grid code. The grid is kept 

constant to 90 % span while only the tip geometry of each 

variant is individually generated. Nevertheless, for each net 

variant an independency study is carried out, which lead to 

nets with at least 1.46 million nodes. In order to keep the 

discretization respectively modelling errors low, all variants 

with an expansion ratio greater than 2, a y+
max greater than 5 

and a y+
mean greater than 1.1 are rejected. 

The reference case of the NASA Rotor 37 with a nominal 

gap dimension of 0.4 mm (Suder & Celestina, 1996) was 

calculated with an error of 0.06 % with respect of the pressure 

ratio Π, 0.11 % with respect of the mass flow w and 0.07 % 

with respect to the isentropic efficiency ηis. 

Evaluation of constant gap geometries 

In a first step the isentropic efficiency losses of constant 

tip gaps of different sizes must be determined.  In the NASA 

Rotor 37 example relative gaps with sizes between 

(δc/h)const = 0.5 % and 3.75 % are examined. For this purpose, 

the isentropic efficiencies ηis of the constant gap variants are 

calculated and then deducted from ηis of the gapless variant. 

The resulting Δηis represents the losses stemming from the end 

wall flow field affected by the gap geometry. The calculated 

reference correlation, which defines the efficiency drop Δηis 

as a function of the constant relative gap (δc/h)const is shown in 

Figure 3. It can be seen that the resulting slope of the 

calculated correlation corresponds to those presented in 

(Jefferson & Turner, 1958) and (Mahler, 1972). While the 

regression line has an increase of -1.946 % at an R² of 0.9982, 

the tangent of Mahler has an increase of -1.971 % and that of 

Jefferson and Turner has an increase of -1.908 %. The 

correlation is therefore considered as validated. Non-linear 

effects, which occur with very small relative gaps, are 

excluded in the sense of correlatability. The domain of the 

correlation is therefore limited to (δc/h)const greater than 0.5. 

 

 
Figure 3 Reference correlation of NASA Rotor 37: 

efficiency impact Δηis over constant relative tip gap (δc/h)const 

 

According to the collected results in (Ludwig & Bill, 

1980), an efficiency loss of 1.95 % is added for each 1 % 

additional relative gap. The correlation f therefore results in 

Equation 1, valid for NASA Rotor 37.  Δ��� = � ��	
� ������ = −0.0195 ⋅ �	
� ����� (1) 
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It can be seen that f is a bijective function. This means that 

Δηis can also be used to draw conclusions about the existing 

gap. 

Evaluation of non-uniform gap geometries 

In the next step, 43 randomly created tip geometries for 

the NASA Rotor 37 are generated. The parameter space used 

for this purpose consists of seven support points distributed 

equally over the chord s. Each support point can vary between 

0.5 % and 6.0 % of δc/h. The resulting tip results from a cubic 

spline interpolation of these points. Figure 4 shows this 

approach graphically. 

 

 
Figure 4 Parameter space for generation of non-uniform 

gaps 

 

Analogous to the calculation of the efficiency effects of 

the constant gap geometries, the determined ηis are deducted 

from ηis of the gapless variant. So each non-uniform gap 

variant results into an Δηis,j representing the end wall losses 

based on the respective gap geometry, which is specified in 

the particular set Mj = {(δc/h)1, …, (δc/h)7}j. This Δηis,j enables 

the connection of a non-uniform gap geometry with a uniform 

one. 

Derivation of correlation g 
In order to convert a non-uniform gap geometry into a 

uniform one, a correlation g must be found, which translates 

the local relative gaps into an integral relative gap without the 

use of additional flow simulations. For this purpose, the 

utilized sets Mj with their corresponding Δηis,j are assigned to 

their respective constant relative gap using the correlation f. 

This makes it possible to set up a regression function with an 

order equal to the number of support points, i.e. 7. This 

regression function, which at the end will yield the desired 

correlation g, must be capable to satisfy the hypothetical test 

cases shown in Figure 5. These test cases are introduced 

subsequently. 

1) Generic non-uniform tip 

The first test case describes the primary goal of the 

correlation: the representation of a generic non-uniform tip 

geometry. Here it becomes apparent that the equivalent 

constant gap belonging to a non-uniform gap geometry 

commonly does not correspond to the simple mean value of 

the local relative gaps. Therefore, the correlation g must be 

capable to reproduce the integral relative gap by means of 

weighting factors of the individual local relative gaps. This 

implies that the impact of the particular local gap varies along 

the chord. The reason for this is the varying degrees of impact 

of the respective local gaps on the development of losses. 

A linear weighting function is preferred, since this 

corresponds to the character of the reference correlation f. 

Furthermore, the parameter space of the correlation g is not 

unnecessarily distended. 

2) Generic uniform tip 

The second test case describes the conventional design of 

a uniform blade tip. This case may seem trivial, since the 

resulting equivalent gap is exactly as large as the local gaps, 

but it is an essential specification for the mathematical 

formulation of correlation g. In concrete terms, this means that 

the order of magnitude of the resulting equivalent gap must 

not be derived from an absolute origin, but must be inherently 

derived from the local gaps. Otherwise an approach using 

position specific weighting factors would lead to an averaging 

of a non-uniform gap distribution. The resulting equivalent 

gap would deviate from the given uniform gap. 

3) Tip with local deviation 

The last test case describes a uniform tip geometry with a 

local deviation. This leads to another important specification 

of the mathematical formulation of g. Since this case 

represents the behaviour towards outliers, it becomes obvious 

that the inherent determination of the magnitude of the 

resulting equivalent gap must not depend on the arithmetic 

mean of the local gaps. Otherwise, weighting factors would be 

applied to the unaffected local gaps, allowing the resulting 

equivalent gap to be smaller than the original gap. Therefore, 

the median of the local relative gaps �� ℎ⁄ ���  is used instead 

of the arithmetic mean, since this is much more robust against 

outliers. 

 

 
Figure 5 Test cases for correlation g: 1) generic non-

uniform tip, 2) generic uniform tip, 3) tip with local deviation 
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Based on these test cases, the correlation g is defined as 

follows: 

��ℎ  �!! = "�#� = " �$��ℎ  % , … , ��ℎ  ()  
= ��ℎ  �

� + 17 -
⎩⎪⎨
⎪⎧2� ⋅ 3��ℎ  � − ��ℎ  �

� 4   , ��ℎ  � ≥ ��ℎ  �
�

6� ⋅ 3��ℎ  � − ��ℎ  �
� 4   , ��ℎ  � < ��ℎ  �

�(
�8%  

The accuracy of the correlation g is increased by a case 

distinction of the weighting factors. The factor αi is used if the 

local relative gap is greater than or equal to the median �� ℎ⁄ ��� . Otherwise the factor βi is used. The factors are 

determined via a root mean square approach, which is 

represented by Equation (3). The rms function is minimized 

using a genetic algorithm with a subsequent interior point 

algorithm. The initial values are varied randomly until a 

solution is smaller than the mean value of the previous 

solutions reduced by the triple standard deviation of the 

previous solutions. This solution represents the final one. 

 

9:; = <1= - 3��ℎ  �!!,> − ��ℎ  ����,>4?�
>8%  

with �	
� ��!!,> = "@#>A and �	
� �����,> = �B%@Δ���,>A 

The number of members available to calibrate the 

correlation is represented by n. In order to characterise the 

behaviour of the correlation g with respect to overfitting, the 

split between calibration cases and validation cases is varied.  

To decrease the impact of potential outliers during this survey, 

each split is examined with five different combinations of 

members. Figure 6 illustrates the resulting average rms in 

dependency of the split ratio after minimization.  

 

Figure 6 Correlation error of g in dependency of the split 

ratio between validation to calibration cases 

 

As can be seen, the correlation error decreases with fewer 

calibration cases. Simultaneously, the error of the validation 

cases increases. This indicates an overfitting of g. The point of 

intersection between validation and calibration error is seen to 

be the threshold. That means that if less than 35 members are 

used for calibration, the correlation g tends towards single case 

solutions. In order to be able to provide enough validation 

cases, n is specified to 35. 

RESULTS AND DISCUSSION 

The weighting factors of the correlation g for the NASA 

Rotor 37 are summarized in Table 1.  

 
Table 1 Weighting factors of correlation g  

for NASA Rotor 37 

 

i αi βi 

1 0.65921 0.94514 

2 0.11167 2.32535 

3 0.38729 3.09600 

4 0.00002 1.64385 

5 0.00001 3.07088 

6 0.41520 2.15015 

7 0.06389 1.80824 

 

Figure 7 gives a graphical impression of the individual 

weighting factors for the NASA Rotor 37. It illustrates the 

impact of the weighting factors on the deviation k between the 

particular local relative gaps and their joint median. As can be 

seen, there is a strong dependence for all local gaps except the 

one at the leading edge (i.e. i = 1) regarding their relative 

position to the median. The gaps that are smaller than the 

median are much more strongly corrected than those that are 

larger. This means that the correlated integral gap is much 

closer to the local gaps, which are particularly small. 

Therefore, it seems that the size of the smaller local gaps has 

a greater impact on the efficiency loss than the size of the 

greater local gaps. 

 
Figure 7 Impact of weighting factors of correlation g  

for NASA Rotor 37 

 

As mentioned above, the relative gap at the leading edge 

must be treated separately. It can be seen here that large 

clearances have an above-average impact on the total loss. In 

addition, small clearances have a much lower impact on the 

correlating integral gap. Both imply that the blade overflow 

(2) 

(3) 
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here reacts much more sensitively to a gap enlargement than 

downstream. 

Figure 8 shows the result of correlation g applied to the 

members. In addition, the interval of the local relative gaps of 

the respective members is presented. Once again it can be seen 

that the correlated integral gap is much closer to the local gaps, 

which are particularly small. The dominance of the smaller 

local gaps in terms of efficiency loss is thus confirmed. 

Figure 8 Outcome of correlation g according to the 

respective interval of the local gaps and comparison with 

reference correlation f 

 

The accuracy of the correlation g becomes evident by the 

comparison with the reference correlation f. Figure 9 shows 

the efficiency error between the correlation f and the results of 

correlation g for all calibration members. Additionally, the 

errors of the 8 validation members are depicted. They show a 

similar order of magnitude, confirming that overfitting did not 

take place.  

The simple standard deviation of the error between the 

calculated efficiency of the non-uniform gap and the 

efficiency resulting from the reference correlation of the 

corresponding constant gap equivalent is smaller than the 

experimental measurement uncertainty for the radial gap 

determination of NASA Rotor 37 (Suder & Celestina, 1996). 

Thus, the efficiency error made by the correlation g is 

acceptably small. 

Figure 9 Efficiency error between correlation f and outcome 

of correlation g for NASA Rotor 37 

CONCLUSIONS 

In this paper an approach is presented, which yields a 

correlation that converts a non-uniform compressor blade tip 

clearance into an equivalent constant gap, suitable for 

common loss models of mean-line performance programs. 

The presented method is demonstrated using a tip gap 

variation of the NASA Rotor 37. The following conclusions 

are drawn for this case: 

 

- The efficiency loss depends linearly on the integral 

relative gap δc/h, assuming that the relative gap is 

greater than 0.5 %. Below this threshold, a super-

linear relationship exists. 

- Local gaps smaller than the median of the discretized 

gap are weighted with a greater factor than large local 

gaps. The smaller local gaps of the discretized gap 

thus dominate the order of magnitude of the 

equivalent constant gap. 

- The blade overflow at the leading edge reacts much 

more sensitively to a gap enlargement than 

downstream. This means that a large clearance at the 

leading edge of the blade has an above-average 

impact on the efficiency loss. 

 

It is recommended that the correction factors α and β of 

the correlation are re-determined for other profile families. For 

this purpose, the presented approach can be used: 

 

1) Definition of a reference correlation that reflects the 

efficiency deficit of constant gaps. 

2) Determination of the efficiency loss of variants with 

non-uniform gaps, discretized as described above. 

3) Determination of the correction factors of the 

correlation frame specified in Equation (2) using the 

efficiency loss parity within a rms approach. At least 

35 calibration cases are recommended to avoid 

overfitting. 

4) Validation using retained data. 

 

The presented correlation is defined in such a way that it 

covers any non-uniform blade tip geometry. This will become 

relevant for future compressors with innovative blade tip 

design or even with variable pitch rotors. 

NOMENCLATURE �  �C  median of ( ) 

f reference correlation 

g transfer correlation 

h blade height 

i index of local relative gap 

j index of member item 

k deviation 

M set of local relative gaps 

n number of member 

R² coefficient of determination 

rms root mean square 

s chord 

w mass flow 
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y+ dimensionless wall distance 

α weighting factor 

β weighting factor 

Δ differential 

δc absolute radial blade tip clearance η efficiency 

Π pressure ratio 

Subscripts 

const constant 

i index of local relative gap 

is isentropic 

j index of member item 

M belonging to M 

max maximum 

mean arithmetic mean 
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APPENDIX – UTILISED MEMBER 

The following 43 members were used to establish the 

correlation g of the NASA Rotor 37. The data is presented in 

percentage terms. 

 

j ��ℎ  % ��ℎ  ? ��ℎ  D ��ℎ  E ��ℎ  F ��ℎ  G ��ℎ  ( ��ℎ  ���� 
1 0.646 2.310 3.425 4.098 4.403 4.732 5.458 2.817 

2 3.151 0.989 0.630 0.643 0.615 2.665 4.735 0.882 

3 1.117 0.987 0.796 0.786 0.652 0.632 1.181 0.712 

4 2.468 1.499 1.348 0.776 0.615 2.736 4.860 1.130 

5 2.799 1.423 0.580 1.448 4.091 4.908 5.064 1.230 
6 2.762 2.707 1.648 0.597 2.407 4.374 4.939 1.687 

7 1.623 2.309 3.426 1.711 1.739 2.010 2.329 1.834 
8 5.821 4.672 3.269 1.844 0.512 2.636 5.458 1.749 

9 0.551 1.565 2.106 2.506 3.901 4.853 5.084 1.962 
10 3.201 3.089 3.426 5.125 1.873 1.440 2.855 2.032 

11 0.945 0.954 0.798 0.714 0.615 1.599 3.300 0.784 

12 2.024 1.184 0.580 1.455 1.902 2.862 4.493 1.115 
13 1.302 1.245 0.594 0.602 0.619 0.632 2.129 0.720 

14 2.527 0.565 1.058 1.540 1.875 1.952 3.289 1.134 
15 0.551 2.091 3.916 4.550 4.779 4.929 5.082 2.906 

16 1.207 0.565 2.425 3.835 4.152 4.393 4.993 1.763 

17 2.845 2.466 0.580 2.526 4.259 4.618 5.081 1.698 
18 1.128 1.473 3.426 5.125 1.873 1.440 1.518 1.527 

19 2.360 1.238 0.831 0.636 0.621 0.632 2.164 0.821 
20 1.017 0.688 0.641 0.611 0.615 0.834 1.549 0.591 

21 5.821 2.310 2.639 3.640 4.403 5.013 5.458 2.894 

22 2.393 2.236 0.580 4.369 4.560 4.760 5.071 1.681 
23 5.821 4.339 2.776 1.161 2.807 4.478 5.458 2.418 

24 2.683 1.888 1.357 0.597 1.943 3.323 4.606 1.475 

25 0.646 1.292 2.094 2.785 3.264 3.503 3.369 1.663 

26 0.551 1.303 1.944 2.855 4.577 4.822 5.014 1.845 
27 2.104 0.667 0.634 0.597 3.174 4.493 4.731 0.822 

28 1.816 1.256 0.895 0.597 1.116 2.975 4.787 1.019 

29 0.972 0.884 0.580 1.554 4.531 4.741 5.041 0.968 

30 1.389 1.280 1.168 1.050 0.925 0.792 0.650 0.848 

31 3.009 2.309 3.426 3.775 3.647 2.010 1.301 2.045 
32 2.393 1.310 1.092 0.829 0.615 1.185 2.883 0.979 

33 2.241 2.006 1.762 1.506 1.237 0.951 0.650 1.101 

34 0.683 0.577 0.580 2.302 2.986 3.623 4.302 0.928 
35 1.590 1.395 1.149 0.597 1.154 1.266 3.388 0.998 

36 0.729 0.565 1.609 2.414 3.244 3.580 4.169 1.365 

37 5.821 4.205 1.439 2.319 3.812 5.013 5.458 2.629 

38 1.078 1.592 2.094 2.785 3.264 2.802 1.757 1.681 
39 3.989 3.489 2.971 2.432 1.867 1.273 0.650 1.572 

40 3.037 2.728 2.980 2.681 1.864 1.121 0.894 1.437 

41 1.609 1.525 1.363 1.342 0.615 1.377 3.285 1.112 

42 3.242 2.309 3.426 2.869 4.400 3.872 5.461 2.886 

43 1.900 1.704 0.801 0.597 0.718 0.969 1.561 0.889 

 


