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 It is essential to inspect manufactured and in-service machines and products. Many different 
nondestructive testing (NDT) methods are currently in use for this purpose. Ultrasonic testing is one of 
the most important of these NDT methods. Ultrasonic testing has different applications including defect 
detection, assessment of mechanical and metallurgical properties of materials and temperature 
measurement. In the first part of this paper, theoretical equations and finite element analysis of 
variations of longitudinal ultrasonic wave velocity in the presence of a thermal gradient were studied. In 
the second part, the effect of a thermal gradient on the longitudinal ultrasonic wave velocity is 
investigated by experiments. A specific test rig is designed and fabricated for this purpose. This test rig 
is capable of providing the desired temperatures and transmit and receive ultrasonic bulk waves 
simultaneously. Twelve different tests were conducted in order to study the effects of the work piece 
length and maximum and minimum temperatures. The experimental results are compared with the 
theory under similar conditions and very good agreement is observed. Uncertainty analysis is 
incorporated for determining the uncertainty in measuring the ultrasonic wave velocity in the presence 
of a thermal gradient and identifying the sources of errors. The measurements were found to be quite 
accurate with an uncertainty of 4.5 m/s. 
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1 Transducer 
2 Fixture 

 

Fig. 1 Fixture to adjust position and height of cooling system 
1    

 

 

Fig. 2 Cooling system 
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Fig. 3 Aluminum bushing and aluminum pipes (dimensions are in mm) 
3   ) mm( 
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Fig. 4 Wedge made for the transmission of ultrasonic waves 
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Fig. 5 Temperature control circuit 
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Fig. 6 Schematic of the test setup 
6   

 

Fig. 7 The test setup 
7   
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Fig. 8 Recorded signals in the presence of a thermal gradient 
8    

1   Cm   
Table 1 different condition in which velocity measurement were 
carried out 

 L0  
(mm) 

 
T1  
(K) 

 
T2   
(K) 

Cm    
(m/s) 

1 50.23 307 322 5910.89 
2 50.23 320 353 5900.59 
3 50.23 334 385 5889.81 
4 50.23 350 420 5877.84 
5 74.70 308 323 5910.42 
6 74.70 319 356 5900.12 
7 74.70 325 390 5890.74 
8 74.70 343 423 5881.58 
9 100.08 304 322 5911.59 

10 100.08 314 354 5901.76 
11 100.08 324 386 5891.92 
12 100.08 338 420 5880.66 

 
 .Lf )2(  [7].  

)2( = (1 + ( ))(1 + 2 ( )) 
)2(  .

)2,1(
)3(   

)3( =
2

(1 + ( ))(1 + 2 ( )) 

3 -2-   
 

  .)3( 
  . 

) 5,4 ([8]:  

(4) = ( , , , ) 

)5( 

= + + + = 

+ + +  
)5(ai i )  .5,4 (

T0  
 L0tT1 T2   Cm    

 

3 -3-    
  Cm )6(  .[9]  

)6( 

= , [ + ( ) +

+ ( ) ] (%95) 

(6) ,95  i
i  . 

  [9] .
   

  

3 -4-    
    .
    .

 
 (10-7) [8].  

(7) = , + ,  
(8) = , + ,  
(9) = , + ,  

(10) = , + ,  
(10-7) sys 

ran  .2   
   

  3  .
  10    

 t 4  .5 
 Cm  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

4.
10

.9
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

24
 ]

 

                               4 / 7

https://dorl.net/dor/20.1001.1.10275940.1395.16.4.10.9
https://mme.modares.ac.ir/article-15-2570-fa.html


    

            :              

  

14  1395164  

2     
Table 2 Precision of measurement instruments 

 
  

(mm) 

- 
K  

(K) 

 -
  

(µs) 

 0.01 2.2 0.01 

3      
Table 3 Measured values of the initial length of work pieces 

 
  

(mm) 
  

(mm) 
  

(mm) 
1 50.22 74.73 100.08 
2 50.23 74.68 100.08 
3 50.23 74.70 100.09 
4 50.22 74.68 100.09 
5 50.23 74.75 100.11 
6 50.23 74.67 100.07 
7 50.22 74.72 100.08 
8 50.24 74.68 100.11 
9 50.22 74.68 100.07 

10 50.24 74.69 100.06 

3 -5-      
    

  .  
   .

    .  
95%   [9] .

 6  
30  

 - - [9]
  %95 (14-11) 
 . 

(11) , = (%95) 
(12) , = (%95) 
(13) , = (%95) 

 

(14) , = (%95) 
)14-11( i 

(15)  [9].  
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(15)  N  
 . 7   

3 -6-    
 

   
(19-16)  [9].  

)16(  = , + ,  

)17(  = , + ,  

)18(  = , + ,  

)19(  = , + ,  

) 5 (   

(20) = ( )( , , , ) ( , , , ) 

)21( = ( )( , , , ) ( , , , ) 

)22( = ( )( , , , ) ( , , , ) 

(23) = ( )( , , , ) ( , , , ) 

  8 
 .10  9 

t9,95 2.262 [9].  

3 -7-    
   (6) 
     

  

4  t 
Table 4 Replications of measuring t 

 

t (µs) 

1 2 3 4 5 6 7 8 9 10 

1 17.01 17.00 17.00 17.00 17.00 17.00 17.00 17.00 17.00 17.00 

2 17.05 17.04 17.04 17.04 17.05 17.04 17.05 17.04 17.04 17.04 

3 17.09 17.09 17.09 17.08 17.08 17.08 17.09 17.09 17.09 17.09 

4 17.14 17.14 17.15 17.14 17.14 17.15 17.15 17.15 17.15 17.16 

5 25.33 25.33 25.33 25.33 25.33 25.33 25.33 25.33 25.32 25.33 

6 25.38 25.39 25.39 25.39 25.39 25.39 25.38 25.39 25.39 25.39 

7 25.46 25.45 25.45 25.45 25.45 25.45 25.45 25.45 25.45 25.45 

8 25.52 25.52 25.52 25.52 25.52 25.52 25.52 25.52 25.52 25.52 

9 33.94 33.94 33.94 33.93 33.93 33.94 33.93 33.93 33.94 33.94 

10 34.02 34.01 34.02 34.02 34.00 34.02 34.03 34.02 34.02 34.03 

11 34.10 34.10 34.10 34.10 34.11 34.11 34.11 34.10 34.10 34.11 

12 34.20 34.20 34.20 34.20 34.20 34.21 34.20 34.20 34.20 34.21 
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5  Cm 
Table 5 The mean values of measured variables and velocity Cm 

 
 (mm)  (K)  (K)  (µs)  (m/s) 

1 50.23 307 322 17.00 5910.75 
2 50.23 320 353 17.04 5898.38 
3 50.23 334 385 17.09 5882.69 
4 50.23 350 420 17.15 5863.84 
5 74.70 308 323 25.33 5899.72 
6 74.70 319 356 25.39 5887.36 
7 74.70 325 390 25.45 5875.05 
8 74.70 343 423 25.52 5859.72 
9 100.08 304 322 33.94 5898.64 

10 100.08 314 354 34.02 5886.54 
11 100.08 324 386 34.10 5873.90 
12 100.08 338 420 34.20 5858.48 

6    
Table 6 Systematic uncertainty of measurement instruments 

  
,    

(mm) 

,    

(µs) 

, = ,    

(K)  

  0.005 0.005 1.1 

7   
Table 7 Random uncertainty of errors’ sources 

 
,  

(mm) 
,  

(µs) 
,  
(K) 

,  
(K) 

1 2.58×10-3 1.18×10-3 1 1 
2 2.58×10-3 1.83×10-3 1 1 
3 2.58×10-3 1.83×10-3 1 1 
4 2.58×10-3 2.36×10-3 1 1 
5 8.17×10-3 1.05×10-3 1 1 
6 8.17×10-3 1.49×10-3 1 1 
7 8.17×10-3 1.05×10-3 1 1 
8 8.17×10-3 0 1 1 
9 5.38×10-3 2.11×10-3 1 1 

10 5.38×10-3 2.79×10-3 1 1 
11 5.38×10-3 2.11×10-3 1 1 
12 5.38×10-3 1.49×10-3 1 1 

8   
Table 8 Uncertainty and sensitivity coefficients of errors’ sources  

 
 

(µm) 
 

(×105) 
 

(ns) 
 

(×108) =  
(K) =  

1 5.63 1.18 5.14 -3.48 1.49 0.034 
2 5.63 1.17 5.32 -3.46 1.49 0.034 
3 5.63 1.17 5.32 -3.44 1.49 0.034 
4 5.63 1.17 5.53 -3.42 1.49 0.034 
5 9.58 0.79 5.11 -2.33 1.49 0.034 
6 9.58 0.79 5.22 -2.32 1.49 0.034 
7 9.58 0.79 5.11 -2.31 1.49 0.034 
8 9.58 0.78 5 -2.30 1.49 0.034 
9 7.34 0.59 5.43 -1.74 1.49 0.034 

10 7.34 0.59 5.73 -1.73 1.49 0.034 
11 7.34 0.59 5.43 -1.72 1.49 0.034 
12 7.34 0.58 5.22 -1.71 1.49 0.034 

  .9 
  

   
9

 .   
  .   

  

9 Cm   Cm 
Table  9 Experimental and theoretical values of Cm and uncertainty of 
Cm 

 
Cm-Theoretical  

(m/s) 
Cm-Experimental  

(m/s) 
 

(m/s) 
 

1 5910.89 5910.75 4.3 0.002 
2 5900.59 5898.38 4.4 0.038 
3 5889.81 5882.69 4.4 0.121 
4 5877.84 5863.84 4.5 0.238 
5 5910.42 5899.72 3.2 0.186 
6 5900.12 5887.36 3.2 0.216 
7 5890.74 5875.05 3.2 0.266 
8 5881.58 5859.72 3.1 0.372 
9 5911.59 5898.64 2.4 0.219 

10 5901.76 5886.54 2.5 0.258 
11 5891.92 5873.90 2.3 0.306 
12 5880.66 5858.48 2.2 0.377 

 9 ,5 ,1  Cm 
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