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ABSTRACT 

Zhao, Y. and Anastasiou, K., 1993. Bottom friction effects in the combined flow field of random 
waves and currents. Coastal Eng., 19: 223-243. 

Bottom friction effects are quantified for the combined flow field comprising random waves prop- 
agating in the presence of currents. From the available methods of analysis for the monochromatic 
wave case a suitable theoretical model is first chosen using as criteria ease of implementation, rigorous 
derivation, and satisfactory description of the physical mechanism of the interaction. This model is 
then extended in order to deal with random waves and currents. Suitable formulae for the bed shear 
stress are first developed for the extreme cases when the wave field is much stronger than the current 
and vice versa, and then a derivation procedure for the general case is described, including a suitable 
parameterization which significantly reduces the required computational load. The parameterisation 
for the general case is compared with results from the expressions for the two extreme cases and very 
good agreement is obtained. Comparisons are also made with results using simple representations of 
a random wave field in terms of average quantities like the significant or root mean square waveheight 
and it is shown that such representations which are based on monochromatic wave ideas overpredict 
the corresponding coefficients. Finally results from the full parameterized solution for the general case 
of random waves propagating in the presence of currents are compared with two sets of full scale data 
and good agreement is obtained. It is shown that the calculation formulae developed and presented in 
this work offer reliable means of treating the complex interaction taking place at the sea bed between 
random waves and currents. 

I N T R O D U C T I O N  

Various models for the bot tom friction in combined monochromatic  wave 
and current flows are available. The modelling of the combined flow field 
closely follows the analysis used for the pure current case by adopting one of 
three general approaches, based either on eddy viscosity considerations, or 
ideas from mixing length theory or finally on dimensional analysis. In the first 
case, a linear variation of the eddy viscosity at the sea bed is used, although 
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the proportionality coefficients vary from model to model and, depending on 
the flow regime, even within each particular model. Approaches based on 
mixing length ideas explicitly assume that the same mixing length may be 
used for the current only, wave only and the combined flow field while di- 
mensional analysis based procedures directly apply the methodology used for 
the current only case to the combined flow field. 

Several important  characteristics of the combined flow field have long been 
recognized and are well documented.  It is generally established that the tur- 
bulence inside the wave boundary layer is enhanced thus causing more drag 
to the current. However, the effect of  this interaction on the waves is consid- 
ered to be small owing to the high gradient of the wave orbital velocity near 
the sea bed. The increased drag felt by the current results in a change of the 
current velocity distribution, with the current velocity magnitude generally 
being reduced. Outside the wave boundary layer, the two flows can be solved 
for independently and linearly superimposed, given that the wave is consid- 
ered as a potential flow. However, all currently available models assume that 
waves are monochromatic  and unidirectional, and the correctness of this as- 
sumption needs to be seriously questioned. 

This paper sets out to develop a bot tom friction calculation procedure for 
the combined random wave and current flow field. A suitable model for the 
combination of monochromatic,  regular waves and a current is chosen first, 
the requirements being that it be rigorous, relatively straightforward to imple- 
ment, and show good agreement with experimental data. This model is then 
extended so as to take into account the effects of the randomness of the wave 
motion on the combined flow field. The cases of  a weak or strong current 
relative to the waves are treated first, owing to the scope for simplification of 
the governing equations. Subsequently the general case is treated and para- 
meterised so as to render the governing equations more amenable to numeri- 
cal treatment. The parameterisation for the general case is shown to agree well 
with results from the expressions for the two extreme cases previously 
mentioned. 

It is often the case that a target sea state with a given spectrum is approxi- 
mately described by average quantities like the significant wave height Hs or 
the root-mean-square waveheight Hrms, and the period Tp corresponding to 
the spectral peak or the average zero-crossing period Tz. This approach is at- 
tractive owing to its simplicity but its main failing is that it is basically a mon- 
ochromatic wave approach which ignores contributions from individual 
components  of  the spectrum. Results derived from the expressions developed 
in this work are compared with results based on monochromatic  representa- 
tions of the sea spectral density and it is shown that such approaches overes- 
timate bot tom friction effects. 

Finally results from the formulae describing the bot tom friction effects in 
the combined flow field when random waves propagate in the presence of  
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currents are compared with available full scale data and good agreement is 
obtained. It is shown that the developed model is capable of describing bot- 
tom friction effects under  a wide variety of conditions. 

F U N D A M E N T A L  C O N S I D E R A T I O N S  F O R  T H E  M O N O C H R O M A T I C  WAVE CASE 

It is not the aim of  this paper to review the many available models of bot- 
tom friction effects for the combined flow field involving monochromatic  
regular waves propagating in the presence of  a current. In this section a suit- 
able theoretical vehicle is chosen for further treatment, with a view to incor- 
porating into it the randomness of  the wave motion. 

The available bot tom friction models for the combined regular wave and 
current case range from the very simple (Ebersole et al., 1980) to the more 
complex (Lundgren, 1972; Grant and Madsen, 1979; Fredsoe, 1984) which 
aim at providing more insight into the physics of the interaction at the ex- 
pense of computational  efficiency. For practical applications, the problem of 
obtaining acceptable accuracy with modest  computational requirements re- 
mains an acute one. In this context the contribution of Bijker ( 1966 ) is an 
important  one, because his model  for the calculation of the mean bot tom fric- 
tion experienced by the current in the combined flow field is both easy to 
implement  and reasonably rigorous with regard to derivation procedure. The 
fundamental  assumption of Bijker's analysis is that the instantaneous veloc- 
ity profile for any flow is logarithmic and that the thickness of the constant 
stress layer is known. The total velocity at every point over the vertical and at 
every time instant is taken equal to the sum of  a reduced wave velocity and 
the current velocity. Moreover, the gradient of  the velocity at a particular 
point, hereafter referred to as Bijker's point (Fig. 1 ), can be simply replaced 
by a simple ratio for any flow. The mean bot tom stress can therefore be writ- 
ten as 

/ 2[0u] 0u\  

where u is the instantaneous velocity of the flow concerned. 
An at tempt was made by Swart (1974) to improve the evaluation of the 

velocity at Bijker's point by relating the component  velocities at that point to 
the free stream wave velocity and the mean velocity of the current. However 
comparisons with experimental data produced no conclusive proof  of the su- 
periority of  Swart's analysis. 

In another attempt to improve upon Bijker's method,  O'Connor  and Yoo 
( 1988 ) related the energy dissipation rate to the current velocity reduction, a 
trend present in the results of a number  of  experiments. In the authors' opin- 
ion, O'Connor 's  and Yoo's model  is based on up to date understanding of the 
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Fig. 1. Schematic diagram of wave and current velocity distributions considered by Bijker ( 1966 ). 

physics of wave and current boundary layers, it shows good agreement with 
experimental data and, furthermore, it has the advantage of being relatively 
simple to implement. Therefore, this model is chosen as the basis of the anal- 
ysis to be presented in the following sections. For more details on the features 
of O'Connor's and Yoo's model the reader is referred to the original paper 
(O'Connor and Yoo, 1988) and only the final equations are given here for 
the sake of completeness. 

If Chezy's law is applied to the current and wave flows, respectively, then 
the following equations apply 

zc =pCc U~ (2) 

(3) .gw = p C  w 2 

where zc and Tw are the shear stresses corresponding to the current only and 
wave only flows, respectively, Cc and Cw are the bed friction coefficients, and 
U~, Uwm are the corresponding depth mean current velocity and free stream 
maximum wave orbital velocity, respectively. The shear stress at Bijker's point 
has a component zp in line with the current, a component Zn perpendicular to 
the current, and 

r o =five (4) 

r. =Tr  (5) 

where fl and ~, are given below. The total velocity at Bijker's point is 

o~ CcU~+CwU.~+.-~,-~c .-.w ~ Ut=( 2 2 2 " ~ , ~ , r l / a t - ' l / a r r  U w s i n O ) l / 2  (6) 
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Fig. 2. Wave and current propagation directions and vector summation of velocities. 

and  the full expressions for all quanti t ies  are as follows, the directions of  wave 
and current  propagat ion are schematically shown in Fig. 2. 

fl=ot2( ( 1 +/z~sin0sin2) ( 1 .0+/ t2s in22 + 2#,s in0s in2)  1/2 ) (7) 

= a 2 ( # ,  cos0sin2 ( 1.0 + #2 sin22 + 2 # ,s in0s in2)  1/2 ) ( 8 ) 

= ( ( I sin2 (sin2 +/zg I sin0) I (#~ 2 + sin). + 2 /G t sin0sin2) 1/2 } ( 9 ) 

Cw Uwm'~ 1/ 3 
1 f l+DD.~ (10) 

where 

1 Clw/2 Uwm 
/~"-a C~c/~U~ (11) 

0.61sin01 +0.21cos0l  DD- (12) 
0.6 

where o~ is the ratio between the current  velocity in the combined  flow field 
and the current  velocity for the current  only flow at Bijker's point ,  0 is the 
angle between the wave propagat ion direct ion and the direction perpendicu-  
lar to the current,  ~ is the energy dissipation ratio of  the combined  flow to the 
current  only flow, and 2 is the phase of  the wave. 

As it has already been men t ioned  the mode l  results agree fairly well with 
the available exper imental  data. However ,  it should be noted  that  the best 
agreement  is obta ined when/z ,  is approximate ly  equal to unity,  which implies 
that  the current  and  the waves have approximately  the same strength. 
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B O T T O M  F R I C T I O N  EFFECTS IN C O M B I N E D  R A N D O M  WAVE A N D  C U R R E N T  

FLOWS 

In order to evaluate the effects of the randomness of  the wave motion, the 
analysis briefly discussed in the previous section is carried out in the proba- 
bility domain.  The fundamental  difference between the treatments afforded 
to the monochromatic  and random wave cases is that, instead of  taking time 
averages over one wave period in order to evaluate the various expressions, 
statistical expectations are used. If, for example, y is a function of the variable 
x, y=f (x ) ,  and the p.d.f. (probability density function ) o f x  is p(x) ,  then the 
expected value of  y, E(y)  is 

E(y)  = ~f(x)p(x)d.x  ( 13 ) 

In order for the formulae presented in the previous section to be applicable 
to random waves propagating in the presence of  currents, each individual for- 
mula must be re-evaluated with the t ime average being replaced by an ex- 
pected value. 

In the following derivations the linear random model for the sea is used, 
according to which the sea state is the result of the linear summation of a large 
number  of  first order sinusoidal components,  and the free surface displace- 
ment,  water particle kinematics and the dynamic pressure are all Gaussian 
random variables. This model is especially suitable for describing the flow 
field in the vicinity of the sea bed not only because of the fact that for that 
region no regular wave theory has been proven superior to others under all 
test conditions (see, e.g., Kirkgoz, 1986 ), but also because the effects of non- 
linear terms are small near the sea bed. The variation of  the free surface dis- 
placement is therefore given by 

tl= ~ ~ aijcos( kjxcosOi W kjysinOi-tojt W eij) (14) 
i=1 j = l  

where a~j= (2.0.S(to,O)AtoAO) l/z, kj is the wave number  of the j th  spectral 
component,  O~ is the wave directional angle, ~j is a random phase uniformly 
distributed over the interval [0,2rt], and S(tn,O) is the spectral density func- 
tion of  q. 

If it also assumed that the spectral density function of  the free surface dis- 
placement is narrow-banded, then the wave amplitude is distributed accord- 
ing to the Rayleigh distribution function 

( a 2 - ~ o )  
p ( a ) =  a exp - (15) 

m o  

where 
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+oo 21t 

- - ~  0 

The standard deviations of  the orbital displacement, a, and the horizontal 
velocity, au, at sea bot tom which will be used later on are given by 

+ c o  2~ 

a 2= ~ fsinh~kh)S(w,O)dtodO (16) 
--oo 0 

+ o o  2rt ff ' 
au2 = .sinh 2 (kh)S(w,O)d~odO (17) 

- -co  0 

Having established the statistical and spectral properties necessary for the 
subsequent derivations, we now proceed to evaluate the bot tom friction ef- 
fects for the combined flow field when random waves propagate in the pres- 
ence of  currents. In this context it should be noted that the bot tom friction 
equations cannot be derived analytically since the whole analysis is based on 
a quadratic law for the shear stress. However, when the current is either weak 
or strong relative to the waves, the derivations are relatively straightforward. 
These two cases are examined first, followed by the general case for which a 
parametric approach will be adopted. 

Wave dominant case 

For the wave dominant  case ut is given by Eq. (6), and this quantity can be 
further approximated by the following equation which is similar to that de- 
rived by Liu and Dadymple  ( 1978 ) for regular waves 

( aClc/2Uwsin(O+al)) 2 u2~= C~w/2lUwl~ Iewl "~- Og 2Cc U2 c0s2 ( 0-~ og 1 ) (18) 

The last term is small for the case when the wave field is dominant  and it is, 
therefore, neglected. Thus 

U t = C 1 £ 2 1  e w [  ..~od. C 1 / 2  
uc Uwsin(0-b al  ) 

IUwl (19) 

where a l  expresses the wave directional spreading from a principal direction 
of  wave propagation. 

The formula for fl (Eq. 7 ) becomes 

flCc U 2 = ( otClc/2 Uc -b Clw/2 Uwsin (0+  a~ ) )u, (20) 
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Taking the simplified expression for ut into account, the above formula for 
fl can be written as 

flfc U 2 = E [  o~Clc/2 C~w/2 G I Uw I + Cw Uw l Uw l sin ( O+ 0~ ) 

O2("l/2 (ml/2 Uc U2sin2 (0+ °Ll ) l  + a2CcU2Uwsin(O+al) l- . . . .  c 
[Uwl /Uw-w i J (21) 

The expected values of the second and third terms are zero due to the linear 
model used to describe all random variables of interest. Therefore 

fl=o~C~-l/2E[C~w/2lUwl] (1 +E[sin2 (0+ 0~, ) ] ) - -  
1 

(22) 
uc 

and the formulae for 7 and fi become 

aE[C~w/2 I Uwl ]E[sin(0+O~l )cos (0-Ji-o~1 ) ] 
~'-- C~/2 G 

6=E[ CwU2w l Uw l IE[K~ ] +ce2E[ I Uw l ICcU2E[K2] 

where 

CcUc ~ 

(23) 

(24) 

1 
K 1 = [ sin(0+O~l )] +~] cos(0+ O~l )] 

( , ) Kz=sin2(O+o~,) I s i n (O+a~) l+~ l s in (O+a~) [  

(25) 

(26) 

Further manipulation of Eqs. (22)-  (26) yields the following formulae which 
may be used for practical calculation purposes 

1 
__ (]~..~ ~ )  1/3 (27) 

OL 
1/2 

[3= C~US-u~E[C~/21 (1 +Ks2) (28) 

1/2 

Y=~ cy2  G N 

6= (2) ' /2Cc Uc 1 2 1 ~Tu 3[2g[c.~[o'Z(Ksl'k-~Kc,)"]-o~ CcO2(Ks3-{'-~Kc3)l ( 3 0 )  

where 
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gsi = E [  I s i f t (0+  0/~ ) I ] (31 ) 

Kci = E l  Isin i-1 (0"31-O/1)COS(0-~-0/1 ) I ] ( 3 2 )  

where i = 1,2,3. Appropriate expressions for E [ Cw ] and E [ C~w/2 ] are given in 
the following section dealing with the current dominant  case. 

It should be noted that, if we consider a long random wave record derived 
from a given target spectrum of free surface displacement, it is reasonable to 
argue that not every wave from the record, irrespective of how it is defined, 
represents a flow field which is "strong" compared with that of the current. 
The wave height and orbital velocity are distributed over the range (0.0, + ~ )  
and ( - ~ ,  + oo), respectively. It is, therefore, clear that some individual waves 
are not necessarily strong, which is the basis of the analysis for the present 
case. However, the "strong" case can be understood as implying that for most 
of the individual waves from a record, the flow conditions can be considered 
strong relative to the current and, therefore, the part of the total record which 
is neglected will be small compared with the overall length of the record. 
Moreover, it should be noted that this assumption also holds true for mono- 
chromatic regular waves, because the wave orbital velocity varies sinusoidally 
and its absolute value is not always larger than the current velocity, except in 
the case where the velocity of  the current is zero. 

It should also be noted that wave propagation direction and wave ampli- 
tude are assumed to be independent  of  each other. 

Current dominant case 

In a similar way as the case of a weak current has been tackled, the qua-  
drat ic  function used in the calculation of  the total velocity may be simplified 
by a perturbation analysis, whereby the quantities fl, Dw and 6 may be evalu- 
ated, via a Taylor series expansion, to second or higher orders. Using such an 
expansion the quantity ut can be written as 

Ut = U( 0/z + 20/DsinO+ D2) 1/2 (33) 

f Outl 1 Out 2 "~ 
= U / 0 / + - - I  D + -  D 2 + . . .  

\ 0DID=0 2 0D2ID=0 / 

assuming, of  course, that D = Uw/Uc << 1. To the specified order 

ut =aClc/2 Uc + C~w/2 Uwsin( O+ al ) 

1 
+~ 0/-1C~ l/2 U~ l Cw U2wCOS2( O+ 0/l ) (34) 

which leads to the following expressions for fl, ~ and c~ 
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E[CwlE[UZw] F1E[Cw]E[U2wlE[sin2(O+o~l) ] 
fl=a2+~ CcU2c 2 CcU 2 (35) 

E[ Cw]E[ U2w]E[sin(O+ al )cos (0+ a~ ) ] 
~,= CcU2 (36) 

1 

E[ [ D ' s i n ( 0 +  o~ 1 )1] +~E[  ID*cos(0+ oq )1] 

d -  CcU3 c (37) 

where 

D*= I Uw Io~2C~U2sinO (38) 

The expected values of all quantities involve the Chezy coefficient Cw, which 
is a function of the wave properties. This coefficient, which is related to a 
wide range of parameters characterising the flow, will be parameterized based 
on the following considerations. 

- Cw itself is a period average parameter and it is physically related to the 
turbulence characteristics, which are not constant over one wave period. In 
regular waves, a constant Cw is taken to represent a whole period during which 
the velocity varies sinusoidally. Therefore, a constant Cw may also be used for 
the random wave case. 

- Cw is relatively insensitive to the quantity a/ks, where a is the wave am- 
plitude, and ks is the bed roughness. 

Using the same expression as O'Connor and Yoo ( 1988 ) for Cw, an expres- 
sion for the coefficient C~w/2 may be derived as shown below 

Cw =0.12 for a/ks <2.0 (39) 

Cw =eXp[ 5.213 ( a/ks)-°~g4-6.67 ] for a/ks >2.0 (40) 

Therefore, 

+oo  

E[C1/2] = t C~w/Zp(a)da 
0 

2k  

= O.12)l/2p(a)da 
0 

+oc~ 

+ f [exp(5.213(a/lq)-°~96-6.67)]~/ep(a) da 
2ks 

where p (a) is the p.d.f, of the wave amplitude. 

(41) 
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After carrying out the numerical integration, the above expression can be 
further simplified as 

loglo ( C1/2 ) = - -  0.485 - 0.2341og~ 0 (a/ks) (42) 

If an expression for Cw is sought, rather than C~w/2, it can easily be shown 
that 

lOgl o ( Cw ) = - 0.963 - 0.4671oglo ( a/ks ) ( 43 ) 

Summarising the results for the case when the current is dominant, the fol- 
lowing formulae may be used for practical calculation purposes 

1 
- -  ( f l ' t - ~ )  1/3 (44) 

E 2 1 [Cw]aut 1 . ,. 
P=°t24 2 ~,--~2 t ,  -t-^,2) (45) 

1 E[Cwla  2 _, ~=2 ~-~2-t~tsin2(0+~)] (46) 
--1/22( ) 

_ [ 2 \  c~ au  1 
6=~,~) ~ Ks2+-~Kc2 (47) 

where Ks, and K~ are as given by Eqs. (31 ) and (32). 

The derivation for the general case 

For the general case, when the strengths of the waves and the current are 
comparable, the expressions for the quantities of interest involve triple inte- 
grals, which makes the evaluation rather tedious. Therefore some parameter- 
izations are introduced with a view to deducing expressions for fl and 6 which 
are simpler to evaluate. 

The general formulae for fl and 6 are as follows 

fl= f f f  [o~ 1.04 vwt'W2Uwsin(0+~).lutf(a,u,~l)dOqdudaotC~c/2 Uc (48) 

6=f~fD*wlSin(O+oq)l+O.333D*wlcos(O+ot1) 
C~ U3c l utf(a'u'~l )dogl duda 

where 

ut = [ ot2Cc Uc2 + Cw UZw + 2otC~¢/2 Uc C~w/2 Uiwsin (0+ Oda ) ]1 /2  

D*= I Uw(C~/2 Uw + C~¢/2 Ucsin (0+ c~ ) )lu~ 

(49) 

(50) 
(51) 
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a [ a2"~ 1 

The integration can be carried out numerically. In the first step the integra- 
tion is carried out with respect to u using the results of Yoo ( 1989 ) who con- 
sidered the regular monochromatic wave case only. The resulting double in- 
tegral may then be evaluated using any one of a number of available numerical 
integration methods. In the present work Simpson's integration method is 
used, to a pre-specified degree of accuracy, and then the numerical results are 
regressed using the Chi-square regression method. The final expressions are 

1 _ (fl.+.~) 1/3 (53) 
OL 

fl= ot2(Dal +Dp2B) (54) 

y= ce2(Drl +D?2BI ) (55) 

8=o~3G UU 2 
E[CI/2 ] (Drl +Da2B) (56) 

where 

Dpl = 0.85 +0.830"I "147 (57) 

D~2 = - 0.364aI'°51 ( 58 ) 

Dal =0.0543al +0.029a~ + 1.594cr 3 (59) 

Da2 = - 0.255al - 0.046cr 2 (60) 

D~l =0.393rri "°2 (61) 

D71 = - 0.393rr 1 °2 (62) 

B =  fcos2 (0+ c~1 )p (O~l)doq (63) 

B1 = ff I cos2 (0+ ozl ) IP(~l )dc~l (64) 

C'w/2 au 
rrl -otC~/2 Uc (65) 

In order to verify whether the above formulae, corresponding to the general 
case where the strengths of the wave and current fields are comparable, have 
been satisfactorily parameterised, the repsentations for fll and 31 are com- 
pared with the simpler expressions for the two extreme cases using, of course, 
the appropriate ranges of the independent variable. The comparisons are made 
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for the situation when the waves propagate in the same direction as the cur- 
rent with B being equal to - 1 in this case. 

From the weak current model 

- - - -  trl (66) 
- - 0 { 2 - -  

61-- 3(~1/2 = (2a3 + a l )  (67) 
0{ v c 

where al was given in Eq. (65).  
The above formulae for fl~ and 61 are equivalent to Eqs. (28) and (30) for 

the case of waves propagating in the same direction as the current. For the 
strong current case the corresponding expressions are 

fll = l + t  r2 (68) 
1/2 

while for the general case 

fll =DB1 -D~2 (70) 

~l = Dal - Da2 ( 71 ) 

The quantities fll and 6, are plotted in Fig. 3 and Fig. 4, respectively. It can 
be seen that the representations of the two terms for the general case are rather 
good at the extremes of the range, when compared with the formulae appli- 
cable to the two extreme situations. The agreement is especially good for fit. 

Suitability of simple representations of the random wave field 

It is a common practice in coastal enginnering to deploy average quantities, 
characterising the entire random wave field, and then incorporate these quan- 
tities in formulae which are strictly applicable to the regular and monochro- 
matic wave case only, the aim being to make the calculation procedure sim- 
pler. Popular choices are Hs, the significant wave height, and Hrms, the root 
mean square of the wave height. In this section the weak current model is used 
to investigate the effect of  using Hs or Hrms rather than the formulae which 
were derived in the previous sections based on a given waveheight distribu- 
tion. It is assumed that the waves propagate in the same direction with the 
current and, furthermore, that the values of the current reduction factor a 
appearing in Eqs. (72) and (74) are equal. The expression for ut as appropri- 
ate to the regular wave case may be therefore simplified as previously shown. 
When the full random wave spectrum is taken into account 
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Fig. 3. Evaluat ion  o f f l  for ( 1 ) the  general  case (Eq. 70); (2)  the wave dominant  case (Eq. 66); 
(3)  the current  d o m i n a n t  case (Eq. 68). 

1/2 

oe3C~/2 2 1/2 
a= ~75w/2 (~ )  (2a3+~r,) 

while for a regular wave 

olCY 2 Uc Uw p l / 2  

(( 
~= ,~4 c y  2 < ) L  C'c/~ Uc 

4 ,~,p~/2 r7 ~t-~-~ w ~ w r r l  
~--- ~ , 1 / 2  

7~ ~ c  Uc  

e w m  fi=2 o L 2 U w m  [ 7 C w 3 

Uc 6~ Cc U 3 

(72) 

(73) 

(74)  

(75) 

The quantity f w m  above can be calculated using the significant height Hs in 
the appropriate formula from linear wave theory for regular, monochromatic 
waves. In this case 

esig = 2.0au ( 76 ) 
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Fig. 4. E v a l u a t i o n  o f  5 for  ( 1 ) t he  genera l  case (Eq.  71 ); ( 2 )  the  wave  d o m i n a n t  case (Eq.  67 ); 
( 3 )  the  c u r r e n t  d o m i n a n t  case (Eq.  69) .  

flsig = o~ E--a, ( 77 ) 
7t 

flsig _ 1.60 (78) # 

If the root mean  square height Hrms is used 

Urm s ~- N /2 .00"u  (79) 

~ r m s -  ~ 2 4 ~ 2  - -  O" 1 ( 8 0 )  

firms- 1.13 (81) 

As a direct conclusion from this simple test it can, therefore, be said that 
both Psig and p ~  overestimate the actual values. However,  since the same 
value for o~ was used in all three cases, it cannot  be said that the above test 
offers conclusive evidence as to the suitability of  the chosen simple represen- 
tations of  the random wave field. Fur ther  tests are made  in order  to establish 
the range of  validity of  the simple representations as given above using, again, 
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the stong wave case formulae. In the calculations carried out in order to pro- 
duce the results given below, the velocity reduction coefficients a have been 
calculated from the respective formulae.- Using the full formulae for random 
waves, with Tz=5.0 s, tru=0.1 m/s,  Uc=0.1 m/s,  ks=0.1 m and D=2.0  m, 
then f l=2.26.-  Using Hs in Eqs. (74) and (75), with T= 5.0 s, Usig=0.2 m/ 
s, Uc=0.1 m/s,  ks=0.1 m and D=2 .0  m, then f l=2.94.-  Using n r m  s in the 
same equations with T=5.0  s, Urms=0.14 m/s,  Uc=0.1 m/s,  ks=0.1 m and 
D=2.0  m, then fl= 2.88. 

In the above ks is the bottom roughness, D the water depth, and the known 
ratio HdHrm~ = x/2 has also been used for the quantities Usig and Urms. 

Owing to the fact that the velocity reduction coefficients oe for each of the 
three calculations do not have the same value, the values of the ratios offl are 
not the same as those derived from the previous. It is still clear, however, that 
the approximate representations of wave height tend to over-estimate the bot- 
tom friction coefficients. 

The quantities B and B~ which appear in the general calculation formulae 
may be calculated from the directional spreading function of the spectrum of 
variance of free surface displacement. Due to our lack of knowledge on the 
p.d.f, of wave propagation direction and in order to take this spreading into 
full account numerical integration is required over the directional range. 
However, for some simple directional spreading functions, evaluation of the 
integrals may be achieved analytically. For example, using the directional 
spreading function proposed by Arthur ( 1949 ) 

G(tx) = {20//tcos2tx 1~1 <zt/2 
Ic~l > n / 2  (82) 

yields 

TABLEI 

Effect of directional spreading on fl 

angle ( ° ) no spreading including spreading 
(B=cos20) (B= 0.5cos20) 

90 2.90 2.56 
80 2.86 2.53 
70 2.74 2.48 
60 2.56 2.38 
50 2.33 2.27 
40 2.08 2.15 
30 1.86 2.03 
20 1.67 1.94 
10 1.55 1.88 
0 1.50 1.86 
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B = 0.5cos20 

Taking D =  1.0 m, Uc=0.1 m/s ,  ks=0.05 m, tru=0.09 m / s  and Tz=5.0 s, 
the results given in Table 1 are obtained. 

As expected, directional spreading reduces fl when the main direction of  
wave propagation is aligned with the current, while it increases fl when the 
main direction of  wave propagation is perpendicular to the current direction. 

C O M P A R I S O N S  W I T H  F I E L D  D A T A  

It is only comparatively recently that systematic experiments on the tur- 
bulence characteristics of  the waves (Sleath, 1987 ) and the combined effect 
of waves and current in the bot tom boundary layer have been carried out 
(Bakker and Van Doom,  1978; Kemp and Simons, 1982). However, the 
combined properties of random waves and currents for all combinations of 
the governing parameters are still not available. This state of affairs is partly 
due to the t ime scales involved for averaging purposes which are difficult to 
define. 

Field data are chosen for verification purposes. It should be noted, how- 
ever, that the presented comparisons cannot be claimed to offer conclusive 
proof  of the suitability or otherwise of the formulae derived herein since the 
full scale conditions are so complex that additional mechanisms may be in- 
volved which are not accounted for in the theoretical model. 

There are two sets of full scale data available, and it should be made clear 
that the wave spectrum information for either set is incomplete. The experi- 
mental data are compared with results from the full parameterized model us- 
ing Eqs. ( 53 ) - (56 ) .  

Case 1. The data of Cacchine and Drake (1982) 

Records over eighty days were obtained and data were sampled at one sam- 
ple per second for 60 s in each hour. The bot tom roughness was estimated by 
Cacchine and Drake as ks=0.3 m and the mean depth was taken as 18 m. 
Although the value of  ks is rather large, Cacchine and Drake suggested that 
flow stratification might be responsible for such a high value and in this con- 
text the present authors have elected not to use a different value for this pa- 
rameter. Water particle velocities were only measured near the bot tom (0.2, 
0.5, 0.7 and 1.0 m above the bottom, denoted by $2o, $5o, $7o and Sloo, respec- 
tively, in Table 2), and the depth averaged current velocity was approxi- 
mately 0.3 m/s .  The main parameters describing the experimental data are 
summarised in Table 2. 

For comparison purposes linear wave theory is first used to calculate the 
wave orbital velocity at the sea bed according to the given wave height. This 
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TABLE 2 

The experiment results of Cacchine and Drake ( 1982 ) 

Y. ZHAO AND K. ANASTASIOU 

Parameter Sloo $7o $5o Szo (Sw)  max T H L ~ 
(m/s )  (m/s )  (m/s )  (m/s )  (m/s )  (s) (m) (m/s )  

Mean 0.289 0.272 0.246 0.136 0.269 8.9 1.3 0.04 

TABLE 3 

Input parameters for the random wave model 

Parameter Uc D ks ~Tw . . . .  (average) 
(m/s )  (m) (m) (m/s )  

Value 0.3 18.0 0.3 0.269 

results in a maximum value for the wave orbital velocity at the bottom of 
0.332 m/s,  which is larger than the measured value of 0.3 m/s. Since it is 
considered that the measured value at 1 m above the sea floor is more reliable, 
this value has been used instead in the theoretical formulae presented herein. 
The wave propagation angle is chosen to coincide with that of the mean cur- 
rent. The input values for the calculation are given in Table 3. 

The calculated result yields fl=2.031 while from the experimetal data 
fl= 2.356. If Grant and Madsen's (1979) model is used, which assumes that 
the waves are regular, then fl= 1.825. It is clear that there is close agreement 
between the results of the present theoretical model and the experimental data. 

Case 2. The data of  Grant et al. (1984) 

The second set of  full scale data used for verification purposes was obtained 
by Grant et al. (1984). The depth of water was 90 m, the roughness, as esti- 
mated by the authors, was 0.002 m, and water particle velocities were mea- 
sured at approximately 0.3, 0.55, 1.05 and 2.05 m above the sea bottom. It 
should be noted that this particular data set is incomplete for the purpose of 
comparison with the present model, owing to the fact that no information is 
available on the wave height probability distribution and the depth mean cur- 
rent velocity. Bearing this in mind, values appropriate to the data collection 
site are chosen for quantities which were not measured. Furthermore, the 
original data were given by Grant et al. in a form suitable for use in their 
model, and in this work some values are modified to correspond to the defi- 
nitions used herein. Although some arguments against the particular value of 
ks used by Grant et al. have been advanced (Huntley, 1985) and an ad hoc 
manner may be used to adjust this value, it was decided not to alter the sug- 
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TABLE 4 

Comparison between the models and the experimental results of  Grant et al. (1984) 
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No. U~ o',., 0 fl tim,as ,6'OM 
(10-2 m/s )  (10-2 m / s )  ( ° )  

1 9.82 2.60 60 1.51 2.21 1.66 
2 10.3 2.92 60 1.46 1.12 1.65 
3 7.94 2.72 60 1.53 2.62 1.90 
4 7.27 3.21 60 1.58 1.54 1.93 
5 6.72 2.36 60 1.61 1.59 1.74 
6 6.50 2.75 20 1.12 1.83 1.81 
7 6.64 2.46 20 1.13 1.37 1.73 
8 6.52 2.29 20 1.12 2.58 1.75 
9 6.84 2.04 20 1.13 2.37 1.60 

10 6.74 3.54 20 1.08 1.66 1.88 
11 7.07 2.74 20 1.09 1.39 1.76 
12 9.31 2.36 20 1.13 2.33 1.55 
13 7.09 3.11 60 1.60 1.74 1.90 
14 4.13 2.71 60 2.17 1.82 2.06 
15 4.52 3.09 60 2.05 2.09 2.19 

gested ks value. In the table below measured and predicted values for fl are 
shown, for a water depth of  90 m and a ks value of 0.06m, which is equal to 
the value 0.002 multiplied by 30 as defined by Bijker ( 1966 ). The data in the 
column headed fl are derived from the present model, and those headed flmeas 
and fl~M correspond to the measured values and those calculated by Grant et 
al. (1984) using Grant and Madsen's model ( 1979 ), respectively (see Table 
4).  

Inspection of  the presented results produces no conclusive evidence as to 
the superiority of  the calculation method proposed in this work. However, an 
interesting trend shows up in the results, whereby for the cases where the an- 
gle between the waves and the current was large, predictions by the present 
model are lower than measured values. It is suggested that the reason for this 
trend relates to the fact that during the field data collection program the total 
turbulence induced stresses were measured while the calculated results using 
the method proposed in this work relate not to the total stress but to the stress 
felt by the current. 

CONCLUSIONS 

A general method has been presented for the evaluation of bottom friction 
effects in the combined flow field of random waves propagating in the pres- 
ence of currents, the derivation being based on the regular wave model of 
O'Connor and Yoo (1988) .  The derived formulae for the sea bed friction 
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effects include information about the distribution of variance of free surface 
displacement with frequency, as well as about the spreading of variance with 
direction. 

Appropriate formulae were first derived for the two simple cases when the 
current is either strong or weak relative to the wave field. Suitable formulae 
were also derived for the general case when no simplifying assumptions can 
be made. For the general case the relevant expressions are quite complex but 
it has been shown that they may be parameterised, which produces much sim- 
pler forms. It has also been shown that the parameterised formulae for the 
general case agree well with the two sets of  expressions for the two extreme 
cases using the appropriate range of values for the independent  variables. 

For the regular wave case it is well established that the combined wave and 
current flow field causes an increase of  the shear felt by the current, which 
might be considerable. A similar trend has been verified for the random wave 
case. However, taking into account the randomness and directionality of wave 
motion produces a smoothing effect and in this context a representative reg- 
ular wave based approach is likely to over-estimate the bot tom friction, which 
would logically lead to underestimating the nearshore wave-induced current 
velocities. Two simple representations of a random wave field in terms of Hs 
and Hrn, s have been tested in this work, and it has indeed been verified that 
they tend to overestimate the bot tom friction effects. 

Finally comparisons were made between results from the formulae derived 
for the purposes of  this work and two sets of full scale data, and it has been 
shown that the present method offers a good description of measured mean 
bot tom friction characteristics in combined wave and current flow fields. 
However, owing to the uncertainties associated with the choice of appropriate 
values for parameters related to the full scale measurements, it cannot be 
claimed that the presented comparisons are firmly conclusive as to the supe- 
riority of  the method described in this work. 
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