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Present Situation of Countermeasures to Prevent Disasters Caused by River-bed Scouring

Downstream of Diversion Dams
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Function Troubles Caused by Sand and Gravel Deposit around Diversion Dams
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Modeling of Water and Nitrogen Cycle in a Non-Isothermal Crop Field Soil

o Violeta S. Fujiwara, Junichiro Takeuchi, Toshihiko Kawachi
Graduate School of Agricultural Science, Kyoto University

1 Introduction where py, is the water density(\, is the specific
Agriculture is probably the most important ac- moisture capacitysSs is the specific storage) is
tivity of man that affects the quality of groundwa- the soil water pressure heads the time,g is the
ter, caused mainly by the chemical fertilizer appli- gravity acceleratiory is the volumetric water con-
cation to farmlands. The contaminant that is most tent,fs is the saturated water contefit,andg,, are
frequently detected in groundwater is nitrogen in the coefficients of soil and water compressibility,
the form of nitrate (N@)(Bonilla et al., 1999). It respectively,K is the unsaturated hydraulic con-
is known that excess of nitrate in the drinking water ductivity, which is assumed to be isotropik(=
can cause several problems to the health of popu«) + x) is the hydraulic headi, is the root wa-
lation. A simulation model of the nitrate-nitrogen ter extraction rate and is the vertical coordinate
fate in the soil is an important tool that can be (positive upward).
used to formulate optimizated fertilizer application The van Genuchten-Mualem type models are
strategies to minimize nitrate leaching to ground- adopted to represent the hydraulic conductivity in
water. both saturated and unsaturated soils, relafing)
Water content and temperature are the mostim-and§.
portant environmental factors that affect microbial
processes in soils - such as nitrification, C decom- KsKi(¢) (¥ <0)
position, N and C mineralization - resulting in a K(y) = (4
considerable influence in nitrogen transformations Ks (¥ > 0)

and transport (Rodriget al., 1997). Thus, the _ . .
simulation and right estimation of the soil temper- Where Ks is the saturated hydraulic conductivity,

ature and moisture play an important role on this and K. is the relative hydraulic conductivity func-
study. The present model simulates water and ni-tion. The relative hydraulic conductivity function
trogen cycle in a one-dimensional non-isothermal bY Mualem is written as

crop field soill. ) ) ,
K()=si[1-(1-5)"]" )
2 Simulation model

2.1 Model structure with

The simulation model is composed by three 0 — 6, 1
submodels, in which equations for water and ther- Se = Os— 0 (1L+ |ay|")m (6)
mal energy transport and nitrogen transformations
in the soil are solved numerically by discretization wheresS; is the effective saturatior; is the resid-
based on Finite Volume Method. ual water content, and, n, m are empirical shape
2.2 Liquid water mass balance equation parameters, and is restricted asn = 1 — % :

The equation that comes from the combination The upper boundary condition (Neumann
of the extended Darcy’s law and continuity equa- boundary condition) is determined by the flux of
tion, Richards equation, is employed to describe evaporation rate and rainfall rater. Potential
water flow in saturated-unsaturated soil. evaporationF, is calculated firstly, which is ob-

o 9 oh tained from the potential evapotranspiration rate
(CW(w)JrSS)E = _875( —K(zp)%) —tr(z) Eg calculated by the Penman-Monteith equation
(1) (Allen et al., 1998). To obtain actual evapotran-
with , spiration rateE, £, is multiplied by a reduction
_ v function ¢(+), which depends on the water avail-
% = pwg< 5395 * Qﬂw) @ ability of t(he) soil, and according to that, limits the
do evapotranspiration rate from soit! is then parti-
- dy @) tioned into £ and the crop transpiratiofy, using

Cw (1))



the leaf area index (LAI) as a function of crop de- sensible heat flux;, is the air specific heajp, is
velopment stage (Belmanms al., 1983): the air densityy is the wind velocity and; is the
air temperature.

_ B T
E = exp(-0.61.) E; () At the lower boundary condition, Dirichlet
wherel| is the leaf area index. And then, boundary condition was adopted.
T, = ECT - F (8) 2.4 Nitrogen balance equations

The dynamics of nitrogen in the soil is deter-
mined by different processes, which can be widely
classified as: input, transformations, and output
(Figure 1). Nitrogen can enter the soil environment
through atmospheric deposition (such as rain), fer-
tilizer application, or organic matter addition. The

tr transformations of nitrogen in the soil are mainly
Tc = (9) . . . . .

Xy caused by reactions such as mineralization, humi-
fication and immobilization. Finally, nitrogen can
leave the soil environment through denitrification,
plant uptake or leaching.

It was considered 6 forms of nitrogen. ammo-
nia (A), nitrate (N), humus (H), compost fertilizer
(C), chemical fertilizer (F) and plants’ residue (P),
‘which is also used as one of the fertilizing method.
Each form of the nitrogen interact themselves, as

Nearly all the water taken up by the plant’s root
is lost by transpiration and only a tiny fraction is
used within the plant (Alleret al., 1998), so the
root water extraction rat§ can be calculated dis-
tributing theT over the rooting depthy

At the lower boundary condition, Dirichlet
boundary condition is defined;(= 0 at groundwa-
ter level), and for the initial condition, the pressure
head is given.

2.3 Energy balance equation
The energy balance equation over a represen
tative control volume can be expressed as (Kondo

and Saigusa, 1994): shown in Figure 1.
oT 0 or
)= =—o-( —A5- 10
Ch( ) at ax ( )\ 8x ) ( ) Rain OIO Denitrification

Wlth 52%% A Uptake
Cn(0) = (1 — Os)cs + Ocw (11) m

where(}, is the volumetric heat capacity; is the
soil temperaturey is the thermal conductivity of
Residue of Plants

the soil,cs andc,, are the heat capacity of soil and

Humification

Mineralization

water particles, respectively. Herg,is obtained
from an empirical equation, = 0.251 + 0.56/3,

For the initial condition; is given and for the
upper boundary condition (at soil surface), Neu-

Immobilization

Nitrate :'_—

Mineralization

Nitrification

mann boundary condition is assumed:  ___________________________| Leaching
T : Ni . .
_/\c’;  {Ruet L' — oTd — H— 1B, (12) Figure 1: Nitrogen cycle in the soil
X
with For ammonia-N and nitrate-N, advection-
Rns= (1 —a))S* (13)  diffusion equation is used, because they are dis-
solved in water, but for the nitrogen in the form of
H = capaChiu(Ts — Ta) (14) humus, compost, plants’ residue and chemical fer-

where Ry is the net shortwave radiation, is the tilizer, advection and diffusion are not considered.
albedo of the groundS' is the solar radiation, Each of the terms appearing in Eq. (18), Eq. (20)
L} is the atmospheric radiatiom; is the Stefan-  and Eq. (21) to (24) will be defined in the next sec-
Boltzmann constanf[s is the surface soil temper-  tion.

ature,H is the sensible heat flux from the soil sur- - Ammonia

face to the atmosphereis the latent heat of vapor- Positively charged ammonium ion is adsorbed
ization, Cy is the bulk transfer coefficient for the to negatively charged soil fraction, and because



of this, a retardation factor of the ammonium ion
transport was included in the equation. Consider-
ing that the diluted in water and also the adsorbed
amount of ammonia can participate in the reac-
tions,# and R4 are multiplied to each of the source
terms that comes from ammonia.

ONA 9 ONA G
ORa—5— = ax(‘)D o )V gz o1 (15)
with
1 _
Ra=1+" ; ") K (16)
oh
V=KW (a7)

Sl _ d::HA + mH*)A + mC*)A . HRdTLA*)N

—ORgqiA—H — AP (18)
where N2 is the ammonia-N concentratiorRy
is the retardation factorD is the dispersion co-
efficient, V' is the Darcy’s water velocityS; is
the source termp is the porosity of the soil,
ps is the soil particle densityKq is the distribu-
tion coefficient, d™—* is the dissolution rate of
ammonia-N from chemical fertilizerp™—* is the
mineralization rate of ammonia-N from humus-N,
mC—A is the mineralization rate of ammonia-N
from compost-N»A—N is the nitrification rate of
ammonia-N,:A—" is the immobilization rate of
ammonia-Nu” ' is the uptake rate of ammonia-
N by plants.
- Nitrate

Negatively charged nitrate ion is difficult to
be adsorbed to negatively charged soil fraction, so
general transport equation is usetis multiplied
to the source terms originated from nitrate, consid-
ering the dissolution in water.

(*0%)

ONN
-V oz

ONN
6D s

ONN 0

ot  Ox

0 ox

+ .55 (19)
with
Sy = rN4ORgA=N—giN—H_N=UP_g4, (20)

whereNN is the nitrate-N concentratio; is the
source term;N—H is the immobilization rate of
nitrate-N,«N—!P is the uptake rate of nitrate-N by
plants,de is the denitrification rate of nitrate-N and
rN is the rain induced nitrate-N.

- Humus, compost, plants and chemical fertiliz-
ers

H
8]8\; _ hC—>H 4+ hP—»H + HRdiA—}H
+9iN—>H _ mH—»A (21)
C
aé\i — _hCHH . mC*)A (22)
NP
8& = —pPH (23)
ONF .
W = afF — le A (24)

whereN", N, NP and NF are the concentrations
of nitrogens derived from humus, compost, plants’
residue and chemical fertilizer, respectivaly, is
the application rate of chemical fertilizer®—H is
the humification rate of compost-NS—H is the
humification rate of plants-N.

For the initial condition,N4, NN, NH NC,
NP and NF are given. Bottom boundary was con-
sidered as Neumann boundary with null variation
of concentration.

2.4.1 Reaction factors of nitrogen transforma-
tions

All the reaction formulas described in this sec-
tion were derived from Kiho and Islam (1995). Soil
temperature function is defined as:

(T) = {7~/ (25)

wherewrs is the soil temperature function, is the
temperature reaction factor affig is the standard
temperature of soil.

For the soil moisture function, the general
equation (Eq. (26)) is used for most of the reac-
tions, except for the dissolution of chemical fertil-
izer and denitrification process. In those two pro-
cesses, the reaction is limited when soil moisture is
less than a certain amount.

wT

0/0rc if 0 < 0Opc
wy(0) = (26)
9|:(;/9 if & > Orc
(0 — 0.60rc) .
. ————~=  if § > 0.60c
wdi(6) = { (05 — 0.60Fc) 27)
0 if 6 <0.60Fc
(0 —0.90rc) .
-~ jf 0> 0.99c
w3e(0) = { (s = 0.90rc) (28)
0 if 0 < 0.90rc




wherew,, is the general form soil moisture func-

tion, fr¢ is the field capacity,® andwd are the

soil moisture functions for dissolution and denitri-

faction, respectively.

- Mineralization and humification of compost-N
Mineralization, humification and immobiliza-

tion of compost and plants (plant residue and
plowed-in plants) are intimately related to the ra-

tio between existing carbon and nitrogdicgy) in

C in the soil will occasionate immobilization reac-
tions.
- Mineralization of humus-N

Humus-N is mineralized and it is transformed
to ammonia-N following the equation

mH=A = NmpMywr(T)w.(0)  (34)

wheremy, is the humus-N mineralization possibil-

the soil. Therefore, the temporary quantities of ni- jty factor andMy is the mineralization rate factor

trogen and carbori{y andT¢, respectively) that

of humus-N.

is generated by decomposition of composts and. pissolution of chemical fertilizer

plants’ residue in the soil must be known.
Ty = knIN wr(T)w, (6), (29)
Te = reRenTn (30)

whereky is the decomposition rate factor of nitro-

gen derived from compost and plants residue and

rc is the residual factor for carbon derived from

compost and plants residue. Here, the superscript
* can be substituted by C or P, meaning it is rela-
tive to compost or plants’ residue, respectively. Eq.

(30) can be rewritten in the forffy. /7y = rcRey-

The humification of compost-N occurs accord-
ing to Ry, but due to the fact that the value of
Tc/Tn of compost is lower than that for humus, a
certain quantity ofF,\C, will be left over, not becom-
ing humus. Humification occurs as

hC—>H — Tg
REy (31)
= NCdcRE\rewr (T)w., ()
wheredc is the decomposition rate factor of com-
post. The amount of left-over compost-N that did

Assuming that ammonia fertilizer is used, only
the dissolution of ammonia-N is considered.
df A = NF faDror(T)wl () (35)
where f; is the percentage of ammonia-N content
of the chemical fertilizer andk is the dissolution
factor of chemical fertilizer.
- Addition of rain induced nitrogen
The nitrogen contained in rain is mainly in
form of nitrate-N, and it can be estimated by
N = Cr(r — o) (36)
where( is the average concentration of nitrate-N
in rain, rq is the surface runoff.
- Nitrification
Nitrification of ammonia-N occurs as
nA7N = NANywr(T)w,, (0) (37)
whereN, is the nitrification rate factor under stan-
dard soil temperature.

not become humus is transformed into ammonia- - UPtake by plants

N, by the reaction of mineralization,

mC—»A

TI\CI: _ hC—»H
(32)
= NCdcwr(T)w, (0) — K1

- Humification of plants-N

The value oflc /Ty for plants-N is higher than
the R So, all theTy coming from plants-N are
transformed into humus-N.

hP=H = T = NP Hpwr (T)w, (0) (33)

where Hp is the plants-N humification rate factor.
In this process, there will not be leftover of plants-
N, but there will be leftover of . This surplus of

The cumulative nitrogen uptake by plants is de-
scribed by a logistic curve, following the equation
below

Um ax

Veuml®) = T eyt - tp) =

38
my Y
where Ugum is the cumulative nitrogen uptake by
plants, Unay is the asymptotic limit of uptake by
plants, t, is the time of transplantingpq is the
number of days during a cropping period, and

is a coefficient which is defined supposing that
98% of nitrogen nutrients is absorbed at the time
of 3/4 of the cropping period, calculated as=
—15.567 /ng.



Based on the logistic function of Eq. (38), the hourly evapotranspiration was calculated. The data
amount of daily nutritional requirement for crops required were: air temperature, precipitation, so-

is estimated as follows lar radiation, relative humidity of air and wind
dU. v ex b f) — nd speed, which were collected from 2006/03/22 to
U(t) = d;“m = 7 p{W((((t tp)> ni))} 5 2006/06/09. The atmospheric radiation, needed to
( +exp{y((t —tp) — 5 (}é,)g) calculate the energy balance at soil surface, was

based on the method presented by Prata (1996).
_ . A-u N—u A hypothetical crop was considered, with crop
Ur(t) = w7 4 o7 (40) period of 80 days, maximum rooting depth of 40
whereU; is the daily nutritional requirement for c¢m, crop height of 30 cm, LAl of 2.7 and albedo
crops. Nitrogen uptake by plants depends propor-of the soil surface of 0.25. The soil properties pa-
tionally on the amount of ammonia-N and nitrate- rameters used for soil-water simulation are shown
N available in the soil. in Table 1. Those values were obtained from Take-
LA—UP AN _ o N—Up A (41) shitg and Kohno (1993), and itis an example of vol-
canic ash soildndoso). For the nitrogen reaction
- Immobilization factors, it was used the same values as presented
The nitrogen in the soil, in form of ammonia by Kiho and Islam (1995). Compost of 90 kgta
or nitrate, will react with the excess of carbon in and chemical fertilizer of 72 kg ha was applied
the soil (generated by the process of humification in the first day.
of plants’ residue). The total amount of nitrogen

that will be immobilized is Table 1: Soil parameters

iN = (Tc — REJIN)/REN Parameter Value
cm? Nt 2.0 x 1074
TCRP (42) /BS[ 5 71] —
= pP—H % ~1 Bwlcm? N—1] 4.4 x 10
Fen O[cm3cm3] 0.4
And the immobilization rate of ammonia-N and O [cm3cm™3] 0.1
nitrogen-N is described by the equations below: al-] 0.0268
AoH _ INNA n[-] 3.249
i = AN (43) — -~
NA+ N KJ{cms] 7.0 x 10
and
N=H _ N _ A—H (44) 3.1 Results

o The resulting volumetric water content and

- Denitrification o _ ~ temperature of the soil in different depths are
Due to anaerobic respiration of soil bacteria, spown in Figures 2 and 3, respectively. The wa-
soil nitrate-N is reduced to gaseous nitrogen forms ey content varies more near the soil surface, due to

such as NO and N. the effect of rain, evaporation and the existence of
de = NN Drwr(T)w(8) (45) plants, which extract water from the depth; where
there are roots. It can be seen that the variation of
whereDr is the denitrification rate factor. temperature near the soil surface is also consider-
ably large, and it becomes smaller in deeper soil
3 Application depths.
The above mentioned model is applied to one- In Figure 4, concentration of nitrate-N in dif-

dimensional hypothetical soil, with depth of 100 ferent soil depths is presented. Nutrients are up-
cm and groundwater level at the bottom. It is as- taken by crop mainly during the growing season,
sumed that the soil characteristic is homogeneouswhich corresponds to the middle part of the crop-

in the whole domain. ping period. Thus, in the soil depths with roots, the
Meteorological data of a experimental site in nitrate-N concentration drops to zero, which could
Miyoshi-town, Aichi prefecture (E13D4'28" - suggest that the nutrients for the crop are not suf-

N35°05'22") were used. For the liquid water mass ficient. The cumulative nitrate-N leaching losses
balance equation and energy balance equationduring the cropping period is shown in Figure 5.
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FEERAE DEEATIZ Colebrook-White Rz FH L7
Darcy-Weisbach iz E-5 < 85 T FiE O 56 Rk

TR R I IERS ™ A R

R R RSB AT, IR ARG E MBI A TER, R R e R A A B A SRR

2E
M O WA OIBLANZ DWW T, Darcy-Weisbach =Tl 9~ 25 ik & R H IR THAN T 2 HiER H 5.

Darcy-Weisbach =0 EEEARE D FAGIZ 3B\ TILHIAE, Colebrook-White A3 —xAYIZ T H & T 5. Colebrook-White
RUTVEESAAORBANC LD RBAEBE L L CEH I TE Y, ot RRATEERMER A L LT LFENIC+o07%
HEZ2ETI2XTHDEEZOLND. LrLIORITBWT, FHVHITAYSHE, E8, KOS/KAE S EEHE S
TV IELHAEZRERS S5, BUEICBW T Z O K UG EITBRRFIC T SN2 Y R EREN R EIND.
— RIS L LT —#%M9IZ Hazen-Williams 3. & Manning 3MEH & 2. A IEHEROARE LT,
BFIIBAKBEOAR L U TR EEICIR SNERFHIZH STV 5. E KR ORIV T Hazen-Williams =% F
FTHZLILL-oTINETEL ORERKEAEL TS, ZE, ZOAREER - MmOk T A L ha w4
TR NEF JE I H KT 5. AR SC Tl Colebrook-White 2% L 72 Darcy-Weisbach #7» 5 BEEIFE/OHIZ LY
—EDOHHEMO L LB RPN EAN S SN D Z L 2RT. [AEOFAUCEEE LT, Hazen-Williams 2}
O Manning X3 ED & 5 725D b L ITHSET DI HOWTHREFTT 5.

1. oI

1 9 fifd Rz, WA FEluid mechanics) i X HBAEE & Ff7- 72\ O OFEIRIZ /oy v T, BRI 72 [l 2 EAR 9 2 g
K15 & RBREEE DRV K TH 5 (Boundary Layer Theory(1999)Introduction). = ® & 9 7243k, Fex (cBlik
DB DHFELEOTWNINEE A LTI E VI REE LV, ZOFRITBLECTHRMFRRMETH D Z LICHKT 5. Rfoxt
RETHWMAVUIPABER THLH, WMAEITFHRE,L G, Aitttidai-2 Prandtl X O Kdrman 235 1 JOEELE L O
BT & R BT D4R & S BERAAERRICEIE L, 2> Nikuradse(1932, 1933)73 #0722 18 1 & & OVHLIA M & Dt
NOFEBRZITV, LI OBEET 20 AR D FIC BT 2 EEARBER L EX LN TE . oA ERICE
WCIEREM 72 KRR L RIS K W B S A & FRE & 72 > T D (New trends in turbulence(2000)pp.3-52). A D F7H
TRWIZOFERITEET 5723, £4UZ LTH Nikuradse(1932, 1933) 23 EBRRIZHEZ U 7ol 0 BARPRBUT TH 0
DEEDPDITBIETH REBEUNTHH.

Darcy-Weisbach =(DW 2% 1 9 HHACATHICRERAI & L TIRESN K TH D OKEE - Fifs/152(1995)pp.132-133)
2N, BEEMRE ORI T S I CE B IR IR R OB R IR & » TEAL$ 2 5t 55 A oA & & okt & @58 U7 (B v it
(2007T)A 2 Z TIIAERORB AT 2) A BAT 5 Z L1 L 0 B B RE B IEMIC 2 Y 2Pl ORI L 78 5.
FEERE DT B LTIl &2 O RBRAA R R S =K B (1970)pp.167-170) 2%, *HEAIZ B L L CEH S iz
Colebrook-White (CW #)(Colebrook(1938) (X M & W H HLE D R THFETAX&E LOMRRL, D%k 1944 4F,
FEHOFUENED 72912 Moody MR NMERK S, BIFEICE S F TEBORFHIAENHA SN TS, BETIE CW XD
FEBARE IS RIS X o CHRRSICFEA 23 fTRE CTdb 5. DW-CW U3tk T3 ¢, AL iR AL AR TEL A
I %. Manning XA AEK SN TUKREL < ORBRAXDNERE I N2R, BETHE, K CIX Hazen-Williams =, B
K& ClE Manning AR I 5 Z LR & 72 o TV A, WEDHE URRICERE BRI T A Ui iug, BE5F
Pl & 2P0 R &2 BER T 5 LB T2, L L, ITHEICE S £ T Hazen-Williams & FIH L 725+ T,
TFRAZETIIHE F SN WD KETIHAE L T % (Fabian and Macelo(2003)). EERNIZHRNEIZB W TH [FIFED
MR 3 5 & B 2203, B K UG E B idi=a £ 0 X 5 IZE T AU RIBENRR T 2 0 &0 5 RS AR
PICEm SN B RETHH. KREFRAIE L CTORBTRIEEMmERL, LOBEREMICE > THEINALERH 5.
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Fig. 1 Calculation preciseness of the Haaland formula as an approximation of CW formula, real line: friction

coefficient from CW formula, X: friction coefficient from Haaland formula

2. DW-CW = & BB i =
2-1 F A LR A O SRR FEME
Darcy-Weisbach UILL D L S IZRBLE NS
fv?
S=——
D 2¢g
T IT, fOIFEEARER, DIXER, VIR, g XEOMEE, RO SEEKARTH L. ARXDBKITHIZEIKRTH
D EIIBRGITHER SN D, BB S TR B ORI L > TIRIESNDEETH Y, BIEHRER L
L 72%. Colebrook and White (X524 « B « ERMA O TOFER THY LR LT CW RAEEL L
(Colebrook,C.F.(1938)).

1 k, 251

ﬁ 2log 37D + Re\/T
T IT, ksITHYSHLE (equivalent sand roughness), Rl=VDI v)ITVA/WA$TH D, v ITEREIERECT, —iRICKEES:
BB T TR D VR AR ME DB A 2T 57, BB OFTHHIZ IV T HIKRIIKFE T 2B R 28T 5. =
FUTBETF O HA ) s = CRulE L3722, DI KAuE, SERuis T B 05 (B3 2 A sea i LA O i
IUZ BV TITBEBRIL ORI VA WA SR D S BLR AN C & 720,

KQOXIIL, &=0 & L7z¥5E12iE, Prandtl 0522 E OBBIAIZRH L, Re—oo & 31X, Kiarman O5E2M M
TV OEGTR &2 R BT 2 CREMEIRIE D ) 5(1981)pp.192-193). WM& OFE—HIFRE & L TORKXIESEIR OGRS
5 FEBRFEFRIZ LIS T % (Colebrook(1938)) = & 1T BLBREEW . AFUTEEELREIZES L CRaBI%k & 72 > T 5. 24 Moody
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B AEFIR T 2 D EEEHEIC L > TRO 5D, DW-CW AR EHICH2 ) mEOXE LGS >ob ol &
WEGICB TN ZIHEATERLERTH L2 EEAOLND. CW ROBBEAN L LTEZL oM RESN TE .
Shimada(1988)i% il Haaland(1981) DA A L TN A7 My DEFIRIEZ MR CEHE T2 FEEZRE L.

111
i:—1.8Iog ﬂ+( ks J

Jf Re (37D

K@) OIEPREE TEFE OLHE 1+ Th 5. Fig L ICHEMEZ RS, ZoORR»5I1E, CW U2 Y Haaland AKX %
AL TH T ERMBEICZ2 D 2 Lidan LRl s s, MxERER Figl OFEOHIT 1.5%UNTH Y, MHxERED
FE), -0.22%, FHAFREDOIEMERAET 0.68% TH 5.

AHTIE, CW REEICH Y IELARIC K > TRHRET 228, 20 & SMIEESRKLE L TX@E2FAT L Lick
DICRAEL 72D, WA $ & BB K OHMLEE (2t L7z DW U X 28K AR AR S, WICE R LAY HLEE KO
KA A 525 2 LI Ko TV IR LEFRIZ 7 2 2 FESE M ET 5. BUETIZ Z OFEOFE TN Va2 FH LT
FRAT DN D . —RICHREEA R R %,
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V =CD"S’ (4)

EFRBTH. BEREDORDYVICERFERZHFALTHL LW, Z0Z i ko CEERERO —BED R S LD RAET

Table 1 Expression of log (V7 as k<=0, Vris calculated using DW-CW formula
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Fig.2 Expression of log (V7 at k=0, Vris calculated using DW-CW formula



RNz D ER Z R 2 (A ORI 2 BIROBES 2 B & LT —RIbd 2 2 & I3 BN & 5 (Fukuchi(2006)).
WD xS E L DL,

logV =logC +alogD +$logS — Z =c+aX +bY (5)

L0, FEEONSERER R SR D = L, HASEEEERIC BV CEENRIC X BIERECEm 2 sk 5 2 LIRET D,
SEAVR T DOBA (k=0T OW TR 5. EANNEE L 2=9.81m/sec, EikiMAERIT 20°C DOl v =1.01x106m2/sec % i [
T 5. BKRARICOVWTIE, K/ME 0.00100gS=-3)~H KMl 0.1(ogS=-1) F T =R 2 10 %5 L CRHAREHEE
T5. BRIZOWVWTY, fi/ME 0.1m(ogD=-1)~1m(ogD=0)F Tx#ZEM % 10 %0 L CRHESEZRTETH. £XET
DW-CW R & 0 SEXWRE Vrk 318 U Fsxtsca & 5. Table 1, Fig.2 ICEHEERZ2 57, [BIFSHECERE OFHE CEiAR
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Fig.3 log(Vn)-log(VR): this shows the structure of the curved surface of the log (Vz)

as compared with the multi-regression plane
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Fig.4 Relative error of Veto Vrat ks=0: RER = (V& V2)/ Vix100, Multi-regression plane: C=58.6, «=0.647, $=0.549
Error indices: RERmin:-0.85%, RERmean: 0.01%, RERmax: 3.67%, SDR=0.96%
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Fig.5 Relative error of Vi (value of Hazen-Williams formula) to V7 REH = (V& Vo) Vix100, the fixed point of efficient
Cpy of the formula: average, Error indices: REHmin:-2.13%, REHmean: 0.04%, REHmax: 7.93%, SDH=2.07%
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&> THW K} O Manning AHEE T 5. FHEOME, HW RITRW T, ME7513-2.13%<REH<7.93%, F %72
DY, 0.04%, FHXFAEDOEMRERZ, 2.07%ERo7. RO R %A Fig.5 [T A Vald Ve X W RESEN. 2To
CrW 5l % Table 2 (RN Z O & T WH Y Crid 166 TéH 5. Table 3 1%, KEEAXAEQ9ITL) p.384 75 DEAFETH
5. W Cus HW oK O FIREICTV Z & IFEREN. Lz > T, HW RUTIBHE S o 2 EEBRA 2 555 L
LTWa EHrEnNg. W8 Cu% D=0.1m, 8=0.001 THHE L= & X D#AEX Fig.6 |Z7"T. Cy=144 TH 5. FighiZ
il LC, 7 77 ORRMEEZOEE TEIBEL TWDE Z ERN0nD5. ZOfEIE Table 3 D Cy® FRRAE 145 (ZUTV 23,
BERMENFE L TH DL 2 ERXRAELBS. CrliTEFREOHEICOAKF L TIREEND &0 ) RFEROE D



Table 2 Crof HW formula calculated back from the table of V7

Fkok Slope 0.0010 0.0016 0.0025 0.0040 0.0063 0.0100 0.0158 0.0251 0.0398 0.0631 0.1000
Dia. Log —-3.00 —2.80 -2.60 —-2.40 —2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.00
0.1000 -1.00 1441 145.8 147.4 149.0 1504 151.7 152.9 154.0 155.0 156.0 156.8

0.1259 -0.90 146.3 1479 1493 150.7 1519 153.1 154.2 155.1 156.0 156.8 157.6
0.1585 -0.80 1483 149.7 151.0 1522 153.3 1543 155.2 156.1 156.8 157.5 158.1
0.1995 -0.70 150.0 151.2 1524 1535 1544 155.3 156.1 156.8 157.5 158.0 158.6

0.2512 —0.60 151.5 152.6 153.6 154.5 1554 156.1 156.8 157.4 157.9 158.4 158.8
0.3162 -0.50 152.7 153.7 154.6 155.4 156.1 156.8 157.3 157.8 158.2 158.6 158.9
0.3981 -0.40 153.8 154.7 155.4 156.1 156.7 157.2 157.7 158.1 158.4 158.6 158.8
0.5012 -0.30 154.7 155.4 156.0 156.6 157.1 157.5 157.9 158.1 158.4 158.5 158.6
0.6310 -0.20 155.4 156.0 156.5 156.9 157.3 157.7 157.9 158.1 158.2 158.3 158.3
0.7943 -0.10 155.9 156.4 156.8 1571 1574 157.6 157.8 157.9 158.0 158.0 157.9
1.0000 0.00 156.2 156.6 156.9 157.2 1574 157.5 157.6 157.6 157.6 157.5 157.3
Table 3 ¥ & O ¥ FRA RSB OE
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LY HWZ( Cpy=145~155 EhHT #EHEF, 97
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Fig.6 Relative error of Vg (value of Hazen-Williams formula) toward Vzi REH = (Va-Vp)/ Vx100, the fixed point of
coefficient Cy: D=0.10m, S=0.001, Error indices: REHmin:-9.32%, REHmean:-7.31, REHmax: 0.00%, SDH=1.92%
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ZHEE L CRIROGE 2 ML 372 & KT 30%IL VWV HLE n OFEMiRAZE AR AT 5 Camp(1946). Fukuchi(2006)iX 2
DO Z EICET DREMRRETEITV, AFIREE WO H LWRIEDS 2 5 7R U, FHXHEREIZ & - THENZE L L2V EHK
ANPRFHRARE L. L L, ACCIEMEHABER & WO MERBEZ OARBLEIRE LTWDH 20 Z OFEICE
KT D BEIT R0,

Fig. 712 1/n & VBRI kD 1= 54 ORI %, Fig.8 1 D=0.1m, S=0.001 ® Vri» 5RO 7=54 OMxtiaAE L 7.
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Fig.7 Relative error of Vis(value of Manning formula) to Vi REM = (V- V2! Vx100, the fixed point of 1/n° average of
1/n, Error indices: REMmin:-13.1%, REMmean: 0.54%, REMmax: 14.1%, SDM=7.41%
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Fig.8 Relative error of Vis(value of Manning formula) to V7-REM = (Var V! V100, the fixed point of 1/n: D=0.10m,
S=0.001, Error indices: REMmin:-23.6%, REMmean: -11.6%, REMmax: 0.35%, SDM=6.52%
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Moody #[ o>HL T fE g & BB HER D12 Rough Limit LineRLL)2S % . ZHUE, kJD=200/(RefV2) X v sk & Ckl
PEFRIR D F15(1981)p.193), HLEEVA /WA 58 kst(ks U/ v)=T0 IZxH5T 5. EREOFFEFBRIZILETZO RLL OE|TH 5.
RLL OAMI(GEA M - BRI CI3 HW KRS E A X < AMIGE 2 %) Tl Manning ZAEEEAS L &0 5 i@
L2 2T L7,

TS HEEZRE LTV &, k=2.55mm T C=28.5, a=0.667,3=0.502 & 72V, 1% Manning O IZ—
B+ 5 MR BRI A5 5 Z LN TX 5. Fig9 1 Ve OMXFEELZ =42 ViOMEEEOFR R AN & IZIEH
CLThHhsd. Zolxo HW R LD VaDrxiiZ£% Fig.10 (2777, SDH=6.30%& 720, HW N TiT k& 2atHE
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Fig.9 Relative error of Veto Vrat k=2.55mm: RER = (Vas-Vp/ Vix100, Multi-regression plane: C=28.5, «=0.667,
B8=0.502, Error indices: RERmin:-0.83%, RERmean: -0.00%, RERmax: 1.82%, SDR=0.69%
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Fig.10 Relative error of V& to Vrat k=2.55mm: REH = (Vi V)/ V%100, the fixed point of coefficient Cy of the
formula: average, Error indices: REHmin:-11.3%, REHmean: 0.39%, REHmax: 15.4%, SDH=6.30%
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MENZNU EREL 2D E Manning X TIEEMEN S ORBENFAET D L H 12785 k=1lem & L CEHli L7=54A,
SDH=8.60%|Z ki L C SDM=3.66% T2 Z & LV, HHICL > T Manning UTEAR TARE 2 MR L T\ D L3
fli&id23d LR,

Pl E Rt R A Table 4 I2F & Trd. Table 4,(IFEEIFIZ L 0 B DN EHFEROFAM TH 523, 5% C1X
FERYHLUE (CBUBUC SIS LARYHE R R E K RDICEWVIRD T 5. 3R B 2R L, MSHERT v b K& RS
WZONT—ERD LZOBEMT 5. BIXEiFE® 0.549 Z i K & L CaMEk O BRIE 0.5 IR L T\ <. [
S PR ER S = UL Colebrook-White OFAMAFREM LIz LTH IO L S etk afFFob oL Bbns.
o, BEEEMEE L TETOMSMEITGTE D FEREXDIERIIRAETH L.

Table 4,(2)iZ HW A OFEl, Table 4,(3)i% Manning AROFNTH 5. F7ICFEM LT, AKEFANTHEIITTAIE
HW AKOREER L <, 552HE Tl Manning AROBER L WEE X 5. 22T, FREOKHO b & CHARAHLE
WIZBDDRENRFRIESNTZEVIFIHRO S & TOHEMTH VEENR/MNIAELONTVWAZ LICHETRETHS. 1%



Table 4 Analytical result using DW-CW formula

Calculation range: 0.1m=D=<1m, 0.001=S5=0.1
(1) Multi—-Regression Power Equation

k - (mm) c o B RERmin(%)| RERmean(%) |RERmax(%)| SDR(%)
0.000 58.6 0.647 0.549 -0.85 0.01 3.67 0.96
0.113 425 0.629 0.516 -1.17 0.01 462 1.09
2.550 28.5 0.667 0.502 -0.83 0.00 1.83 0.69
10.00 23.2 0.714 0.501 -1.23 0.01 2.23 1.10
(2) Hazen-Williams Formula
k (mm) Cy a (fix) B (fix) |REHmIin(%)| REHmean(%)|REHmMax(%)| SDH(%)
0.000 156 0.63 0.54 -2.13 0.04 7.93 2.07
0.113 134 0.63 0.54 -5.732 0.14 9.14 3.74
2.550 92.2 0.63 0.54 -11.3 0.39 154 6.30
10.00 71.6 0.63 0.54 -154 0.71 23.4 8.60
(3) Manning Formula
k o(mm) n a (fix) B (fix) |REMmin(%)| REMmean(%) |REMmax(%)] SDM(%)
0.000 0.00828 2/3 0.5 -13.1 0.54 141 7.41
0.113 0.00960 2/3 0.5 -7.69 0.14 8.11 3.74
2.550 0.0140 2/3 0.5 -0.975 0.00 2.19 0.73
10.00 0.0181 2/3 0.5 -3.61 0.13 8.10 3.65

RERmin, REHmin, REMmin: Minimum value of relative error

RERmean, REHmean, REMmean: Mean value of relative error

RERmax, REHmax, REMmax:: Maximum value of relative error

SDR: Standard deviation of relative error as using multi-regression power equation
SDH: Standard deviation of relative error as using HW formula

SDM: Standard deviation of relative error as using Manning formula

Table 5 Temperature dependency of parameters, C, o, 8

7(°C) | v(m2/s) c o B (0.5, 0.01) | Comparison
0 1.79E-06 56.6 0.656 0.552 2.83 1.00
10 1.31E-06 51.7 0.651 0.550 2.92 1.03
20 1.01E-06 58.6 0.647 0.549 2.99 1.06
30 8.03E-07 594 0.643 0.548 3.05 1.08

110.5,0.01):Unit m/sec, Mean velocity at D=0.5m, $=0.01
Comparison: Comparison of mean velocities to 1/=2.83m/sec at 0°C
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U T2 OREZEN AT 5 e & 5. Fabidn and Macelo(2003)1%, KE KA CLFEICE D ETOROEN /7 Db
T=)DFREFHIBWT, HW RAHH L TR SN B ERERICOWTORE R IR R 2 WmE LT\ 5. H 2D KREH
TOKMPIEVATADME D 5 AETREFE L 2 FFIDN RN TS, HW Ak A/ A SN BRTH Y, #
e LT GITMEMERORE T, 2 TOMAr#EE% 5 T Darcy-Weisbach XA HEH T2 Z L 2 ERL TS,

INFETOELETIE, KiEgd 20C L LEMRERAFEME L TR L. LA, BREH - EREK TITRED
FENHY, FEEWE CRRKOEELZITH. 22T, 0C, 10°C,20°C,30CH & X OFFEO#HIFHO.1Im=D=, 0.001=
S=0.1) COMMFFAE R % Table 5 (2R B OB D720 b FEFHECEE O R EICEEE RIETZ B0 5.
K42 D=50cm, S=0.01 COEEDOEIFA LV FHEINDMELRT. N DOFREFRIREL T H0EEHRE
ONEE BIEFET 5.
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DW-CW AR & &4l 72 B E BTN E i R A I T 5 Z ENARHRETH 5 2 LAVRENTZ. Z 2T, HE#HEE
B IABEBN TR 2 E T 5 6 9 — DO ROV THREFTT 5. k=0 &7 5. Fig.1l1 &R LT, Po&
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Fig. 11 Schematic for tangential plane of log (V) over common-logarithmic space at the point Po(D, S); P1(D/a, bS),
Po(Dia, S b),Ps(aD,S b),Pi(aD,bs), 0<a, b<1
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Characteristic Features of Power-Type Mean Velocity Equation Based on
Darcy-Weisbach Formula Combined with Colebrook-White Formula

Tsugio Fukuchi!, Masashi ShimadaZ2, Tadatsugu Tanaka3

1Central Fukushima Agriculture and Forestry Office, Fukushima Prefecture Government
2Graduate School of Life and Environmental Sciences, Tsukuba University
3Graduate School of Agriculture and Life Science, The University of Tokyo

Abstract: There are tow ways to evaluate the friction law in pipe flow: one is the way based on the
Darcy-Weisbach formula and the other is the one based on power-type mean velocity equation. For the
evaluation of the friction coefficient of Darcy-Weisbach equation the Colebrook- White formula has been
generally used. The formula is derived from the logarithmic law: logarithmic appearance of velocity
distribution. It is dimensionally homogeneous equation and has enough accuracy to evaluate the friction
coefficient for the purpose of engineering. The mean velocity of a uniform flow can not be calculated
directly from an equivalent sand roughness, pipe diameter, and energy slope by using the formula; a
retaliation process is necessary in the calculation. Now the retaliation is carried out within a fraction of a
second and the suitable mean velocity is obtained.

On the other hand the Hazen-Williams formula and Manning formula are routinely used as
power-type mean velocity formulae. The former is used as the mean velocity formula for closed pipe flow;
the latter is for open channel flow. That is described clearly as the design criteria in design manuals and
so the formulae are routinely used. There have been many problems in designs of closed pipe flow as the
Hazen-Williams formula used. The reason is derived from an “internal contradiction” of the formula as it
is used in the buffer and perfect rough range of flows.

In the paper it is shown that power-type mean velocity equations can be derived using the multiple
linear regression analysis based on the Darcy-Weisbach formula combined with the Colebrook-White
formula. The equations have a high preciseness for calculating mean velocities under each condition of
usage. It is investigated whether or not the Hazen-Williams formula and the Manning formula are valid
under what-like conditions.
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