
 

Ingeniería de las Ondas I 
E.T.S.I. Telecomunicación 
Universidad de Valladolid 
 

TEORÍA ONDULATORIA DEL SONIDO: ecuaciones 
 

V S

d
dV dS

dt
ρ ρ= − ⋅∫∫∫ ∫∫ v n                                   (1) 

S V
dS dV⋅ = ∇ ⋅∫∫ ∫∫∫A n A                                (2) 

( ) 0
V

dV
t

ρ ρ∂ + ∇ ⋅ = ∂ ∫∫∫ v              (3) 

      ( ) 0
t

ρ ρ∂ + ∇ ⋅ =
∂

v                          (4) 

      
* * *s BV S V

d
dV dS dV

dt
ρ = +∫∫∫ ∫∫ ∫∫∫v f f                 (5) 

s p= −f n             (6) 

* *
*

s S V
S

dA p pdV= − = − ∇∫∫ ∫∫ ∫∫∫f n          (7) 

     

( ) ( ) ( )( )

( )

, , , p p p
p p p

p p p

dx dy dzd
x t y t z t t

dt t x dt y dt z dt

D

t Dt

∂ ∂ ∂ ∂= + + + =
∂ ∂ ∂ ∂

∂= + ⋅∇ =
∂

v v v v
v

v v
v v

   (8) 

 
* *V V

d D
dV dV

dt Dt
ρ ρ=∫∫∫ ∫∫∫

v
v          (9) 

*
0

V

D
p dV

Dt
ρ + ∇ =  ∫∫∫

v
        (10) 

      
D

p
Dt

ρ = −∇v
                               (11) 

( )p p ρ=              (12) 

p K γρ=                (13) 

0
Ds

Dt
=                     (14) 

      1Tds du pd ρ −= +            (15) 

( ),p p sρ=           (16) 

2Ds
T T

Dt
ρ κ= ∇            (17)    

0 0 0p p p ρ ρ ρ′ ′ ′= + = + = +v v v                  (18) 

( ) ( )0 0' ' 0
t

ρ ρ ρ ρ∂ ′+ + ∇ ⋅ + =  ∂
v          (19) 

( ) ( )0 0' 'p p
t

ρ ρ ∂ ′ ′+ + ⋅∇ = −∇ + ∂ 
v v         (20)                

( )0 0 0',p p p sρ ρ′+ = +                (21) 

( )
2

2

2
0 0

1
...

2

p p
p ρ ρ

ρ ρ
  ∂ ∂′ ′ ′= + +  ∂ ∂   

        (22) 

0

'
0

t

ρ ρ∂ ′+ ∇ ⋅ =
∂

v              (23) 

0 p
t

ρ
′∂ ′= −∇

∂
v

                 (24)        

2 2

0

'
p

p c cρ
ρ

 ∂′ = =  ∂ 
                           (25) 

0p

T
T p

c

β
ρ

 
′ ′=    

               (26) 

2
2

2 2

1
0

p
p

c t

∂∇ − =
∂

                   (27)    

( ) 0
t

∂ ∇× =
∂

v           (28)  

0p
t

ρ ∂Φ= ∇Φ = −
∂

v          (29)  

2
2

2 2

1
0

c t

∂ Φ∇ Φ − =
∂

         (30) 

2
0 00

p v v p
c

t s t s
ρ ρ∂ ∂ ∂ ∂+ = = −

∂ ∂ ∂ ∂
        (31)   

2 2

2 2 2

1
0

p p

s c t

∂ ∂− =
∂ ∂

                   (32) 

1 1
0

p p p p
p

s c t s c t

∂ ∂ ∂ ∂  − + =  ∂ ∂ ∂ ∂  
          (33) 

 
2

4
0p

c ξ η
∂ ∂− =

∂ ∂
          (34) 

( ) ( )1 1p f t c s g t c s− −= − + +         (35) 

c c v c p
t s t s

ρ ∂ ∂ ∂ ∂   ± = ±   ∂ ∂ ∂ ∂   
#                  (36) 

 



( ) ( )0 0cv p cv pρ ρ
η ξ
∂ ∂+ = − =

∂ ∂
        (37) 

 ( ) ( ) ( )1 1 1v c f t c s g t c sρ − − − = − − +         (38) 

( ) ( )( )1 1
2 1 2 1f t c s f t c s t t c− −− = − − −          (39) 

( )1p f t c−= − ⋅n x          (40) 

2

0p

p T
p T p

c c c

βρ
ρ ρ

 
′ ′= = =    

n
v           (41) 

( ) ( ) ˆcos sin Re iwt
pk pkp p wt p wt peφ φ −′  = − = − =            (42) 

ˆ
2

i
pkp p e φπφ φ′ = − =          (43) 

sin cos cos sin
2

ie iαπα α α α + = = +  
      (44) 

 
2

w
f

π
=                            (45) 

  ( )
0

0

2 2 21
t T

rmsav
t

p p dt p
T

+

= =∫         (46) 

2 1 1
cos cos2

2 2
α α= +          (47) 

( ) 22 21 1
ˆ

2 2pkav
p p p= =                      (48) 

ˆ ˆRe Reiwt iwtX Xe Y Ye− −= =         (49) 

( ) *1 ˆ ˆRe
2av

XY XY=          (50) 

( ) ( )1 1
cos cos cos cos

2 2
α β α β α β= − + +       (51) 

( ) ( )( )ˆ ˆ ˆ ˆcos Re y xi

y xX Y X Y e
φ φφ φ ± −⋅ − = ⋅       (52) 

      

( )0ˆ ˆRe 0iwtiw eρ ρ − − + ∇ ⋅ = v                   (53) 
2ˆ ˆ ˆ ˆ0iwp c iw pρ ρ− + ∇ ⋅ = − = −∇v v                    (54) 

2 2ˆ ˆ 0p k p∇ + =             (55) 

( ) ( )( ) ( )
( ) 0

1 1
0 0

0

cos cos

cos Re

pk pk

i i iwt
pk pk

f t c s p p w t c s p wt ks

p wt p e e eφ

φ φ

φ

− −

⋅ −

− = = − − = − − =

 = − ⋅ − =  
k xk x

   (56) 

w
k

c
= =k n n           (57) 

( ) 0ˆ i i
pkp p e eφ ⋅= k xx          (58) 

f cλ =                 (59)    

( )2 1p p
c K Kγ γ γρ γ ρ

ρ ρ ρ
−∂ ∂= = = =

∂ ∂
                 (60) 

p RTρ=            (61) 

 ( )1/ 2
c RTγ=           (62) 

0R
R

M
=                  (63) 

331 0.6 cc T= +           (64) 

[ ]1 0.16wet dryc h c= +          (65) 

0 0
0 0

1
,

T p
p p T T

T p

γ
γ

′ ′−= = =         (66) 

1/ 2

sK
c

ρ
 

=  
 

               (67) 

( ),sK p sρ ρ
ρ
∂=

∂
                    (68) 

2 2 2 1s T T

s p p

K K T K T c

K c c

β β γ
ρ γ γ

− −= = =        (69) 

( )61447 4.0 1.6 10c T p−= + ∆ + ×        (70) 

( )61490 3.6 1.6 10 1.3c T p S−= + ∆ + × + ∆                (71) 

( )25999.7 0.048 10 0.088 0.007p T Tρ −= + × − ∆ − ∆          (72) 

( )5 58.8 0.022 10 1.4 10p Tβ − −= + × + ∆ ×        (73) 
54192 0.40 10 1.6pc p T−= − × − ∆        (74) 

 ( )5 820.9 0.0058 10 0.10 10TK p T−= + × + ∆ ×       (75) 

           

( )9 56.0 10 1 0.0024 10
6p

T T
p

c

β
ρ

− −∆ = × + + ×  
      (76) 

2
51

0.0011 1 0.0024 10
6

T
p

γ
γ

−− ∆ = + + ×  
             (77) 

( )251027 0.043 10 0.16 0.004 0.75p T T Sρ −= + × − ∆ − ∆ + ∆   (78) 

( )5 516.3 0.019 10 0.81 0.2 10p T Sβ − −= + × + ∆ + ∆ ×     (79) 
53988 0.23 10 0.54 5.4pc p T S−= − × + ∆ − ∆             (80) 

( )5 822.6 0.0062 10 0.10 0.051 10TK p T S−= + × + ∆ + ∆ ×         (81) 

( )8 51.1 10 1 0.0012 10 0.012
20p

T T
p S

c

β
ρ

− −∆ = × + + × + ∆  
      (82) 

2
51

0.0041 1 0.0012 10 0.012
20

T
p S

γ
γ

−− ∆ = + + × + ∆  
   (83) 

2
2

2 0p
t

ρ′∂ − ∇ =
∂

                (84) 

2
0 2 2p

T

p p
c

t c c
ρ ρ κ ρ

 ∂  ′ ′− = ∇ −  ∂    
       (85) 

2 2
2 2 2

2 2 2 2

1 1

p T

p p
t c t c c t

κ
ρ

    ∂ ∂ ∂∇ − = ∇ ∇ −      ∂ ∂ ∂    
      (86) 

Re iwt iksp Ae e−=                   (87) 

( )
( )

2
2

2

22 / pT

wk kc
c iwk w c

κ
ρ

−
=

−
              (88) 

2

2p
TC TC

c c
w f

ρ
π

κ
= =            (89) 



( )

2
2 8

0

2 0

0

p

 =1.4 10  presion de 1 atm.
1

Se llega por medio de:

 (Hipoteis de Laplace adiabatica, gas ideal)

c  (gas ideal)
1

W
m s Kpc c Rp

p
c

R

γρ
γ

γ
ρ
γ

γ

⋅ ⋅= ×
−

=

=
−

      (90) 

                      

( )

( )

0

1
0

p p p
t

p p
t

ρ

ρρ −

∂ ⋅ = − ⋅∇ = −∇ ⋅ + ∇ ⋅ = ∂ 
′∂= −∇ ⋅ −

∂

v
v v v v

v

      (91) 

0
w

t

∂ + ∇ ⋅ =
∂

I           (92) 

2
2

0 2
0

1 1

2 2
p

w v p
c

ρ
ρ

= + =I v          (93) 

0
v S

d
wdV dA

dt
+ ⋅ =∫∫∫ ∫∫ I n                   (94) 

( ) 0
E

E
t

ρ∂ + ∇ ⋅ + =
∂

v v          (95) 

0
v S

d
EdV E dA dA

dt
ρ+ ⋅ + ⋅ =∫∫∫ ∫∫ ∫∫v n v n       (96) 

( )
01/

21
2

1/

1
,p pE v U s U pd

ρ

ρ

ρ ρ ρ
ρ

= + = ∫                 (97) 

( ) ( )
2

20
0 0

0 0

1

2p

p c
Uρ ρ ρ ρ ρ

ρ ρ
≈ − + −        (98) 

( ) ( )2

02 0
0 0 2

0 0

1 1

2 2

p pp
E v

c
ρ ρ ρ

ρ ρ
− 

≈ + − + 
 

      (99)  

( ) ( )0
0

0

p
E p p pρ

ρ
 

+ ≈ + − 
 

v v v         (100) 

   

( ) ( )
2

02
0 02

0

1 1
0

2 2

p p
v p p

t c
ρ

ρ

 −∂ + + ∇ ⋅ − =    ∂   
v     (101) 

2
2

2

2

1 1

2 2 2
p w

v
c

p
c w

c

ρ
ρ

ρ

= =

= =n
I n

                            (102) 

2

*
2

ˆ1 1
ˆ ˆ

4 4av

p
w

c
ρ

ρ
= +vv                             (103) 

*1
ˆ ˆRe

2av p=I v            (104) 

0av∇ ⋅ =I             (105) 

0avS
dS⋅ =∫∫ I n                 (106) 

av av outS
P dS= ⋅∫∫ I n        (107) 

2 1
2 1 0av av out av outS S S

dS dS dS⋅ = ⋅ − ⋅ =∫∫ ∫∫ ∫∫I n I n I n       (108) 

,
i

av av i av out iS
i i

P P dS= = ⋅∑ ∑∫∫ I n       (109) 

, 24
av

r av

P
I

rπ
=                   (110) 

 ( ), i

i i

xp r p
p r t

x r x r r

∂ ∂ ∂ ∂= =
∂ ∂ ∂ ∂

      (111) 

( )
22

2

1 1
,

i

ixp p
p r t

x r r r r r r

∂ ∂ ∂ ∂ = +  ∂ ∂ ∂ ∂ 
     (112) 

( )
2 2

2
2 2

3 1 2 1
,

p p p p
p r t r rp

r r r r r r r r r r

∂ ∂ ∂ ∂ ∂ ∂ ∇ = + = + = ∂ ∂ ∂ ∂ ∂ ∂ 
    (113) 

 
2 2

2 2 2

1 1
0

p
rp

r r c t

∂ ∂− =
∂ ∂

           (114) 

                                    

( ) ( ) ( )1 1 1 1,p r t r f t c r r g t c r− − − −= − + +                 (115) 

     

( ) ( )1 1
1

r

F t c r F t c r
v p

r r t rρ

− −− −∂ ∂= − =
∂ ∂

    (116) 

( )1

2r

F t c rp
v

c rρ ρ

−−
= +          (117) 

( )2 12

32r

F t c rp
I

c t rρ ρ

− −∂  = +
∂   

      (118) 

( )2

,
av

r av

p
I

cρ
=                              (119) 

( )1 1cos Re iwt ikr
Ap A r wt kr r Ae eφ− − − = − − =       (120)    

( ) ( )1 1 2

1

cos sin

Re 1

r A A

iwt ikr

cv A r wt kr A k r wt kr

i
r Ae e

kr

ρ φ φ− − −

− −

= − − + − − =

  = +    

    (121) 

 
2

, 22r av

A
I

crρ
=            (122) 

( )2 2

,

2 2 2

1

2 4 2
r avav

p IA

c c r cρ ρ
= =        (123) 

( )
( )

2

21
2 22 2

1
1

4r av

A
v

c r kr
ρ

ρ

 
= + 

  
        (124) 

( )11
, , rp

p f t c r
r c

θ φ
ρ

−≈ − = e
v      (125) 

( ) ( ) ( )0

0

2
2

, 1
, , ,

t T

av r t

J
J f t dt

r cT

θ φ
θ φ θ φ

ρ
+

= = ∫I e     (126) 

( )
2

0 0

, sinav av out

S

P dS J d d
π π

θ φ θ θ φ= =∫∫ ∫ ∫I n                   (127)



 


