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MECHANISM OF MOTION OF SAND GRAINS BY WIND (2)

——— On the Characteristics of Saltation of Sand Grains

By Yoshito TsucHIYA and Yoshiaki KAWATA

Synopsis

In studying the sand transport by wind, the mechanics of motion of sand grains should be
established. For this, it is necessary to make clear the characteristics of trajectory of sand grains in
the sand transport. The trajectory was photographed with a high speed camera and the films were
analyzed with a film motion analyzer. In this paper, the motion of sand grains is considered as
saltation and then the various characteristics, which are saltation height, distance and others, are
experimentally made clear. The result of experiments is discussed with the theory of the first and
the successive saltation in sand movement in a turbulent stream. It was concluded that the relation
between the saltation of sand grains both in air and in water can be explained with the theory.
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Table 1 Experimental conditions carried out for the fixed bed.

vo | T | Kintor | ST | DY Shoar vty | Pimmonion i
dem grains alp, alp i om/scc ust/(o/p—1)gd
1 0. 225 sand grains 2.624 2235 97.9 0. 0204
2 ” ” ” ” 105. 7 0. 0227
3 ” ” ” ” 119.0 0. 0287
4 0.184 ” 2. 523 2120 102. 1 0.0273
5 ” ” ” ” 114.8 0. 0345
6 ” ” ” ” 120. 2 0. 0378
7 ” seeds 1.155 969 69.9 0. 0280
8 ” ” ” ” 83.3 0. 0398
9 ” ” ” 981 67.8 0. 0260
10 ” ” ” ” 73.4 0. 0305
11 ” ” ” ” 82.4 0. 0384
12 0.144 sand grains 2.474 2081 105.9 0. 0382
13 ” ” ” ” 122.0 0. 0507
14 ” seeds 1.155 981 76.9 0. 0428
15 ” ” ” ” 98.8 0. 0706
Table 2 Experimental conditions carried out for the movable bed.
No. d cm a/p,y alp ugcm/sec | uxt/(o/p—1)gd
1 0. 225 2.528 2172 112, 2 0. 0262
2 ” ” ” 113.0 0. 0267
3 ” ” ” 116.5 0. 0286
4 0.184 2. 550 ” 101.7 0. 0266
5 ” ” ” 105.9 0. 0287
6 ” ” ” 113.0 0. 0326
7 0. 144 2.528 2158 90. 2 0. 0267
8 ” ” ” 96. 6 0. 0307
9 ” ” ” 104. 3 0. 0358
2.3 EBRAE
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Fig. 1 Trajectories of saltation of sand grains on fixed bed.
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Fig. 2 Trajectories of saltation of seeds on fixed bed.
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Fig. 3 Trajectories of sand grains in saltation layer in case of movable bed.
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Fig. 4 Angle of departure, 8, of sand grains and seeds
both in air and in water.
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Fig. 5 Angle of falling, a, of sand grains and seeds
both in air and in water.
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Fig. 6 Variations of rebound coefficient of saltating

sand grains and seeds on sand bed with dimen-
sionless tractive force.
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Fig. 7 Changes of parameters characterized sand
bed condition with order of saltation.
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Fig. 9 Changes of saltation height and distance
with order of saltation.
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Fig. 10 Relation between first saltation height
and rebound coefficient.
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Fig. 11 Comparison between theoretical first saltation
height and experimental ones.



+E - mH : RPICET 2PN OESRE (2) 319

0ot - 00! o0
d=0144cm o d=Q186 cm d=0225¢m
[7) U/(a/9-1)9d= 00307 (0 Ue/p-19d=00326 _ ° J Us619-1)gd=00286
005 = 005 -2 - D) o005
° ° ° L] \Q
°
° o ° \0\ ° o
, \_o o o bor
o 100 200 300 400 0 100 200 300 400 0 100 20 300 400
L L L
ars, oS o1s
420144 cm d=0184 cm d=0225¢cm
UN($19-1)9d=00307 Uirgip-19d=00326 Ue/p-1)3d=00286
ao—3 a0 122 o o
) 5 (A °/\ 1) /,,\
°
005 & 005 005 \
\ ° o\\ o o
o o o o
o o o
0 0 e 0
0 10 20 30 ] 10 20 30 0 10 20 30
A H A

Fig. 12 Comparison between theoretical curves of frequency distribution of saltation
height and distance of successive saltation and experimental ones.
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Fig. 13 Ratio of succession with order of saltation.
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Fig. 14 Vertical density distribution of saltating sand
grains in saltation layer.
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17:(2/3){(g/p+1/2)/cD}1og{1+(W0/K)2} ...................................................... (8)
A1z, (W /K)<1 ofHTREBERTOED LI Tk B,
H=(2/3){(c/p+1/2)[Cpy (T g/ K)¥ -cveeieaiiiiiiiiiii (9)

—F, BEOKEFAOEEGHITLNTR, BPEHZEILINTAONEL517, BRHORSHHET I KES
B, REMGO BEREMINGEBELT, () RE =0 ZhnT U=U, L) alfi&h*t 52T
Mo LN oREEY RO, ®KABALLND,

L=(4/3){(s/p+1/2)/Cp} [ a{tan~"(W,/ K)+cosh ' (1+ W,/ K)*)'/?} | K—log|(a— Uy)
X {tan~1 (W o/ K)+cosh™ (14 (W /K)2)1 /23 JKAHL|T cooeoorvemeieneie (10)
2T u=duy THoT A, BRAKMEAKOES WBEDMELIERTH D, ik, W/K)K1E
LGEBRT 5 &,

L=(4/3){(s/p+1/2)/Cp}{2aW /K> —1log|2(a — U)W/ K2H1[} oo 11
Expd, Xbi (a—-T)W,/K <1 & LTERT R
L=(8/3){(0/p41/2)/Cp} (T /K2 oo 12)

L%,

b) First saltation: JREPIZEWTHE, HAKHOERICL > TBBI %MD 72 Hd, saltation %GS5
FTOM, BHLTWRLREL, BROERLL IOERHIEMBIEEITNINVWEEL L, AL, BhHO
EHHE Uy & saltation 0 EH MO GLEIER, Wo=tan U, THobEh 330 LBET o 21, T
DFHAITIRIRE © discrete ZWE O 72D [THBICER D BERE, DHEHOR#E L (K oENES
RKRKELBFRT230EE2 T, BHOBBEEOHEBNELLS OLTHEERD L L, ELHMIIOED
it obInd,

Uy = ay2(x JAYNJ{14Hy2(H JAYN} oo 13)
2T, N=@/D{Cp/(a/p+1/2)} TH 2, GBS HBERETH 2B, ThbolfEE 9 RIK
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RATHE, 2E¥0HBREELN S,
H=1/2) tan? 84,%(a/p+1/2){2NA+V2N )} {us?/(o/p—1)gd} oovooverrinnn, (14)
c) Stationary saltation: Z Z-Cid, b)o first saltation |28] & F{ B2 XU% 3 0 saltation b, X
b 1Tk L 72854 o saltation [TD TR 5 successive saltation QBREE % E 3o
i, KETRRELEBELREICHEDEL 22 HER+ 5 saltation 0HB L L2 2L, BROBFEEN®
OHEER, EHMIKRNTHObEIN D,

o

o=eU;

Wo=e(b, U, +b, )] {by+b,(W,/ T,)}
TTZ, b=0+e)tany, by=l—etan’s 2 LUt by=tan’y—e TH Y, A 5HIT 7 RIZRBH L B OH
OMEEARERIKT#ERTATE> T, WHIKREOMMN%D bbb TR EEL bR b,

Fig. 15 @b o Rk GEBEEE O BB 1T\ T fTid L A R PR O EB)IZ 5T 2 B4R % i\~ C saltation %
FtE LR OMEE L BRHE L L BRERLTVDe. 2T, KREFREE LU tany OFIZERE R

13
a5 207 Ke91
O-6W-3.0b-2 Wa-1. D45 TB-085,
10 Uono o o
wad #no e o
g 'water
2 el es05 Ks62
g 5 fnta [
=] Wnr .
|
0 1
0 0.5 1

Tair , Twaterx10”

Fig. 15 Changes of sand grain velocity with dimen-
sionless time in successive saltation.

Labhi-dorHnT. 12771, MBIt Fig. 9 [TRL72L S TREVRBICH~TIERICKE
wic, (10) XERWLBARCA N KERRILLE Ve 22Tl REMELE LOREH HiED 100 &0
MBI F 5 & OETHB 20 FHNTHE L. 20N D, RBOBAITE N T HEE QAN
EWMESFOEE W LATFAOEE U K—EoICREREEL, wbWaERHEREETLIE
Bbhdo THIT, EHEEIT FET 5% TITHEL saltation DEERIKIE, BROKTFL L UEREHH
omEE Uy U0 W, SEEEEICEN 0B ED %R, Khk6~10HBETH 2. ZhBHEBOBE,
EEHIEICEET 52 CIOBE% saltation O@kERIEH 4~5 AITH20ICHB LT, IZIZ2HETH B, T
OEENETZERE LT, MRELKPTIPHORRERE L OBANEL bN D, KEIT, HHRICE
WTHHERR L TH 2 I3 rb b PERRENREZ L &0, KRN LRENCEERELHEL
TnBIEBWALNTE B,
Stationary saltation |23 \WTH, WROKER L CREFRNOTEERER, 2E0LSLHbbEN 2,

l7;=[(1+e)—¢<1—e)2+2<1—e)/u<a/K)*}Jn/z}

W.,=2U,
T, ARFBRLIL S KKELABOICL > THEENIERTH>T R RTHLbAN L, (16) R
DOEEEEDO &R BBER, RATHREND,

u*z/(g/p_l)gd=(2/3)(1/CD){(1_3)/e1,12} ...................................................... 17)
L EOsFR % BT, BHHAS stationary saltation T L k4O ML & URERO FEER S E¥ DL S
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KesbbIhb,
ﬁm=OJQ{W/p+1ﬂNCDH2KL+@—Jﬂ—eV+20—fH{uﬁﬁKVH%E/KV}
L.=4(H,/2)

SEI, PHEEELREESN LT 284, RSP LURERORRBEENEE A(H) 2L LD
¥QLdhde Thbb, BHOBERO EEMMN Gauss AT LRET S L, saltation OKF

HmomEE U olsEERRRRR TS bbAN b,

f(ff):(1;¢ﬁ) (1/Uﬁ)exp{_((7_ U,)2/200% <ovveeemmmeeneii (19)
Zziz, opid U ol¥EETSH - T,
og=¢€ [7” T o) 0 ) 9 ] P P (20)

ERET 5o MEQRERS EDnT, Riid & CRERO REEFEEE, ThZhkRThbbIh
Bo
Fi(H)=(1/227) (1) eV HH,) exp{— (VB =V H,)? /262 B} oo, (21)
FuD)=(1/2027)(1 /YL Lp)exp{— (VL=V}t /262 0} -ooovooviiiiocccici, (22)

4.2 BEREREOLER

Fifuh L fc saltation |[ZBIT 2 R R EERER LB L T, RPITHF T 2P R o saltation Otk £%
Thid, 20 L5 Th b,

Fig. 11 iz, ol (14) REHELLIDTH -, tanf e LT 0.92 ZFwvic,
CORMD, MEKOERMABMRMKREZOBEAB—R LTV Lbh b, BEKOERMELRR
AREBRLETH 2720, ZOBMOEELTHEHTIZERTELRVS, BAEKOBELY tanf D%
NI FT20ERSY, ZoZtid Fig. 4 oFRE—-HLTnE, Thdb, REBOBABEKE L UH
FEROELLIZPNWTY, DHABE LR BHEI, MEREED EHE-FED I saltation [TBTT 53
DEELTINTHAS, D &Z Fig. 16 L1 L /= stationary saltation o Bz & @ D 72 ITHIKIT
b & TS S ERTERAI KA 2RI ACn(auy)?/(o/p—l)gd L DBFEERLIZIDTD
Zo BRHPIGR L7248 ) RTELLNEREHL D IREABHIZH T, REERE 5 2 — 4 —
LT () RAHELLIDTH b0 KAHBHMA0.95 L1005+ LCm LB, 2hFnEghs
X UK R EbRLAS saltation T 2BA/ICEY S SRR LU B/MEIRKHESTII0E £2xbM b, Thb
TEOMBMTI, REFLURERESWIOFEUEAEL, KAERKOZIWOEER RIZTHBOKRENWT
Esbhbdal, TLABAILRERERLLIWOLLIZENE, ThbL, REFEHOAZEVWETRE
RERONTAHRL Y IMEELZYKEL, LVERIMBRIGESWTERY, BRIEEODWTHERERO
REVWEEKROLFHBEHEKLY I RE . RBP0EE, Fig. 13 226, 240 DRI L bFdiEaR
6~10 [ saltation |2k - C, EHBEIZETL30EE2bN 5, Fig. 9 6E2TC, 0L E20ORS
PLURMBEOME HARBRITHEVESL LB L, LAL, ZZITRLALS I saltation (T
WTOEBHEFHEE LTRIRED LERETE, L7 L S RFTo BHA%T L stationary
saltation # L TV WOT, HEMNALMREE#EL 2200 TH-> T, ThPRP LEFERELD 1 o0&
HEdEZONDo L LAMD, stationary saltation % LT ABROARZMO M+ 2 L 8TENIE, T
CTRENIKEROBWOEBRERE LI RERT I ENTE, R L UEDOFRRITE TR
EHRBICELCL Z2OMAEL L URERR, REGEHE 54 -2 -2 LTH2EEHK—-TE230LE
Zbhde

Fig. 12 712 (21) 2 & 00 (22) RiTL > TH AL N 2 HEREEEBOBRMBARIN TN, 22 TR
HEEEEE LT0.3 2 0. 2oL, MBI ATHBNEREE IL—HTHEZLTHAVLOAL
BRSO 3 MAMBIERDOERME—B LAV Ldbh 2. COBERELTOEDZ EDELLN
20 ThbL, REBOBAEEH LTI BROI L, WhWAEFHRER ELTWE30d &b Th%
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water air
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Fig. 16 Comparison between theoretical curves of saltation height and distance
of successive saltation and experimental ones.

{, THLIHM LS, % saltation T & ITMREL & UMREREY KE{HET LD, Zhb oMk
BEREINZENELDIPLTHLEELDLN S,

Vi E o #8IT3 - stationary saltation {73 L 72 B 4T3 5 successive saltation 0 BHREFFRNWT, &£
RER LRI L7, SBRPITEH T 5 saltation QL ERT 2 700I1TEE saltation [Ton CTHEERFH
PR TILENRDLLBbNL, k7, Fig. 13 2006, BB EKAODR L OB L WRBOEHE
BRONZOT, FPr—F— KL ZERITY LT HEDEROERET A L OB THERO N ¥ %EL
EBLATNWEERELENES S,

5. & B

LlE, MBIZET 540 saltation [ZHF5ERETEV, T OHREMWTEL O saltation OFPEIT
DNTER L. & HIT, first saltation 3 L [X successive saltation OB FRDITH T 2 Hk 0 saltation
WWHEAL, ZOBBEIONTHRIETEMATY, AHATHLAL BRERDS D k3 0lk, 2&¥0LITH
%o

1) REGREERSE, REELLCZNOOMRMEL D CREEF MOV TOERERS L, RPIC
P WA 0 saltation QBRFFMICIVE I N o

2) First saltation |[CB§ 4 28806, BRI T L2 PRIGKBREE S8 FITKE O i L%
D, HDIT saltation TBITT 2 LBLbN 5,

3) Saltation % b BB M T, REd & CRHEEEER BRI TERICKEL RS, L
Ao T, WAL saltation OB L LZRTIHE, BV 2 L5 T HENBEEAEIC LT LENI R
ERBL &

4) MBPRXPWTI, DRHEBKEATORBEERELARICEY B LRI, BB EREREIHEEZN
DEEEEICHEST 2, LOCHRBLTE ) DHESKOBR O —BTH 5 EBERERILHY
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bk o7z

5) Successive saltation QEm* HWT, K, REHLLUEZTLL0RHEHEIZOWTEEL, 5571
EZoBRARPOBESITERTELEELNE, IbIT, BESHIOWTOERERORH LD, T
BB ITE L Tk \» saltation O EEBECREMFORETEL AT NEELENWI Edtbd o T

B%, ERL7-ZROERFPILITHRITT 2 L & 3T, saltation FHITH W CEEIT 210K & R O AL
LORMOBB LN L, RPIK 1} 2 saltation DML EL ThwE L. XPFREZ 745170, B
HOBBIHBH L TWEEnkERRRYFIER Lz,

1)

2)

3)

4)

5)

6)

7)

8)

2 £ X #®

TREA - HHEW  RPCPT 5D OETHEME (1) —DHoBHRATET 2 ER—, HEX
B SBFRTER, %135 B, B 45, pp. 217-232.

TRFA - AFE D KRICL 2RO BEEMICHT 2 ZR, FBMAENKFRATER, £95B,
g 41, pp. 97-107.

TERBEA EFEA - FILEH  KEICE 2B & O saltation DR (1), SEEREH KFFEME
#, %125 B, 44, pp. 475-490.

REFBIE - LTEEA » BIIEH : BEDN % 0 saltation [TH 5 KB, FHEKZE KRR,
% 12 & B, g 44, pp. 491-502.

TRHEA - FIBH  AFIT X 5 saltation o)k (2) — Successive Saltation QERITHONT—,
WERF KFEFER, %135 B, 45, pp. 199-216.

Kadib, A.A.: Mechanism of Sand Movement on Coastal Dunes, Proc. ASCE, WW2, 1966, pp. 27-
44,

TEHRA - ATHEN : o Saltation QRIZICOWTO—EEK, TARSMELBERENERS
MBI, 46, I1-36.

FIAEES  RD OB, FORKRFHIEFENRBRY, 5%, K26, pp. 95-112.
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