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1 a 0 INTRODUCTION 

This document cons t i t u t e s  the f i n a l  report  on Contract Number DTFH61-83- 

C-00160 e n t i t l e d  "Liquid Cargo Shif t ing and the S t a b i l i t y  of Cargo Tank 

Trucks." The study was conducted by the s t a f f  of The University of Michigan 

Transportation Research I n s t i t u t e  (UMTRI). 

The object ive of t h i s  study was to  determine, through review of the 

l i t e r a t u r e  and ana lys is  of information and current  prac t ices ,  e f f icac ious  

means f o r  mit igat ing the e f f e c t s  of s losh on the safe ty  of cargo tank truck 

operations. As conceived, t h i s  e f f o r t  was t o  examine the f indings of the 

research community and the experiences of the pract ic ing indus t r i e s  i n  order 

t o  explain the nature of the s losh  phenomenon occurring i n  bulk tankers and 

the s teps  which have been taken t o  prevent o r  a t tenuate  s losh  disturbances. 

The phenomena of i n t e r e s t  include a broad c l a s s  of underdamped f lu id  motions 

which occur i n  non-full vessels  i n  response t o  accelerat ions of the vessel. 

In  tank t rucks ,  f o r  example, the pr inc ipa l  vessel  accelerat ions which exc i te  

s losh  motions of the f l u i d  a r e  developed during cornering and braking. The 

s losh  "problem" a r i s e s  when the f l u i d  response t o  these accelerat ions imposes 

such la rge  forces  upon the tank tha t  vehicle motions a r e  ser ious ly  dis turbed,  

o r  even destabi l ized.  Additionally,  sloshing f l u i d s  become a problem when the 

force react ions on the tank tend t o  overs t ress  o r  fa t igue  the vessel  i t s e l f .  

Slosh i s ' o f  concern i n  a vehicle safe ty  context t o  the extent tha t  the 

disturbance o r  des t ab i l i za t ion  of vehicle motions may lead t o  loss-of-control 

accidents. Since a grea t  var ie ty  of l iqu id  commodities a r e  transported i n  

bulk by tank truck or  tank t r a i l e r ,  the number of vehicles  which could 

poten t ia l ly  su f f e r  from a problematic s losh condition i s  la rge ,  i n  an absolute 

sense. Further ,  a subs t an t i a l  portion of bulk l iqu id  t ransportat ion involves 

hazardous commodities fo r  which spec ia l  sa fe ty  concerns a r i se .  Especially 

insofar  as  vehicle ro l lover  may be induced a s  a r e s u l t  of f l u id  s losh ,  the 

poten t ia l  f o r  a s p i l l ,  f i r e ,  or  noxious release following the rupture of a 

cargo tank i n  a ro l lover  i s  of cen t r a l  concern. 

The s t a t e  of knowledge on the s losh subject a s  i t  per ta ins  t o  tank 

trucks i s  addressed i n  t h i s  report  from the viewpoint of accident experience, 

vehicle design, the mechanics of the f l u i d  motions, the s t a b i l i t y  and control  



implications for vehicles, and the steps which have been taken or proposed for 

mitigating the effects of slosh. The resources employed for conducting this 

portion of the study included computerized literature searches and the review 

of numerous papers and reports. In addition, information on regulations which 

have been promulgated around the world to mitigate the slosh problem was 

sought by direct mail inquiry. The technical information on sloshing liquids 

is discussed in section 2.0 and the regulatory matter is presented in section 

3.0. 

The literature gleaned from other transportation fields has shown that, 

in certain cases, the slosh problem has reached intolerable proportions, such 

that operation without suitable countermeasures is simply ludicrous. Primary 

among these cases are ocean-going tanker ships and liquid-fueled rockets. In 

the case of tank trucks and truck combinations, the strong potential for 

seriously destabilized vehicle behavior due to sloshing liquid loads appears 

to be muted, in a probability sense, by the infrequent (and often 

uneconomical) operation of such vehicles in the underfilled condition for 

which slosh is of concern. In section 4.0, the risk probability issue is 

addressed for an example case of gasoline tankers. Section 4.0 also presents 

discussions on the attractiveness of slosh countermeasures which can be 

identified. 

In section 5.0, conclusions and recommendations are provided. Overall, 

the study establishes that, while slosh may constitute a serious threat to 

vehicle safety in certain road tanker applications, various practicalities 

involving the design and use of tank trucks seem to render mechanical 

countermeasures unattractive for general implementation. Operational 

practices can, in many cases, help to avoid or mitigate the slosh problem, but 

are unlikely to be adopted voluntarily because they will reduce the 

flexibility of trucking services or impose economic penalties. Moreover, like 

so many issues concerning transportation safety, judgments will ultimately be 

required in order to trade off the potential safety benefits against the costs 

which countermeasures impose. 



2.0 THE STATE OF KNOWLEDGE PERTAINING TO THE SLOSH PROBLEM 

The sloshing of liquids in underfilled vessels has been a recognized 

phenomenon in the motor transport field for many years. The clear 

identification of the role of fluid slosh as a causal factor in traffic 

accidents, however, has not been accomplished. A number of accident analysts 

have suggested that sloshing liquids may have contributed to certain classes 

of accidents, but the accident record has not been sufficiently informative to 

permit solid substantiation of this link in most cases. In section 2.1, the 

evidence which does appear to correlate fluid slosh to tanker accidents will 

be reviewed. Given that an argument can be made linking slosh to accidents, 

the state of knowledge on the occurrence of slosh loading in practice and the 

influence of.slosh on vehicle dynamic properties merits evaluation. In the 

subsequent sections of this chapter of the report, various aspects of this 

state of knowledge will be examined. 

2.1 An Overview of Accident Studies Addressing the Role of Fluid Slosh 

One of the few known accident cases in which fluid slosh was directly 

cited as causing a rollover event was reported by the National Transportation 

Safety Board in 1971 (11. The report concluded that the rollover of a tanker 

loaded to 75 percent of fluid capacity with liquid sugar was due to "grossly 

excessive speed in a turn and to the resultant dynamic surge of the liquid 

cargo." The conclusion regarding the involvement of "surge'' was based upon a 

calculation showing that a similar vehicle with a rigid load could have 

sustained a speed of 64 mi/h (103/km/h) on the same ll-degree curve without 

rollover. This conclusion can be called into question, however, with the aid 

of more recent advancements in the means of estimating truck rollover limits 

[ 2 ] .  That is, more comprehensive analysis of the stability matter indicates 

that a corresponding rigidly loaded vehicle would have actually been on the 

verge of rolling over at approximately 50 mi/h (81 km/h), which was the 

nominal speed value estimated for the accident-involved vehicle. Thus, it 

appears that this particular vehicle would have rolled over with even a rigid 

load--such that the partial load of a liquid product was incidental rather 

than causal. 



In  a 1978 s tudy address ing the  problem of cargo s h i f t i n g  [ 3 ] ,  n ine  

i n d i v i d u a l  acc iden t  r e p o r t s  c o l l e c t e d  i n  the  1974 f i l e  of Accidents of Motor 

C a r r i e r s  of Proper ty  were c i t e d  a s  i l l u s t r a t i n g  the  involvement of load 

s h i f t i n g .  Payloads,  inc lud ing  l i q u i d s ,  hanging meat, poorly r e s t r a i n e d  s o l i d  

products ,  and l i v e s t o c k  were seen a s  "contr ibutory ,  but  not  causa l  by 

themselves" i n  a v a r i e t y  of acc iden t  scenar ios .  

I n  c e r t a i n  s t u d i e s  which have addressed t anker  acc iden t s  r a t h e r  broadly ,  

d a t a  have revealed a s t rong  c o r r e l a t i o n  between apparent  slosh-loading 

cond i t ions  and accidents .  I n  an ex tens ive  s tudy of t anker  acc iden t s  i n  

C a l i f o r n i a ,  f o r  example [ 4 ] ,  30 out  of 117 t ankers  involved i n  acc iden t s  were 

found t o  be f i l l e d  t o  85 pe rcen t ,  o r  l e s s ,  of t h e  tank capac i ty  a t  t h e  time of 

the  accident .  

It i s  important  t o  note  t h a t  the  raw d a t a  from these  acc iden t  r e p o r t s  do 

not d i s t i n g u i s h  whether the  "under f i l l ed"  s t a t u s  of the  30 t ankers  a c t u a l l y  

involved s losh ing  f l u i d  w i t h i n  i n d i v i d u a l  compartments o r  simply a reduced 

payload volume due t o  emptied compartments (such t h a t  no s losh ing  occurred).  

Comparing the  types  of a c c i d e n t s  involving these  p o t e n t i a l l y  "slosh- 

loaded" v e h i c l e s  wi th  the  remainder of the  v e h i c l e s  i n  the  acc iden t  sample, 

examination of the  raw d a t a  t a b u l a t i o n  used i n  t h e  C a l i f o r n i a  s tudy shows t h a t  

r o l l o v e r  occurred i n  22 of the  30 a c c i d e n t s  involving u n d e r f i l l e d  tankers  (73 

p e r c e n t ) ,  compared t o  only 47 of t h e  87 acc iden t s  involving o t h e r  v e h i c l e s  (54 

percent) .  The d a t a  a l s o  showed t h a t  13 of the  22 r o l l o v e r s  (59 pe rcen t )  with 

u n d e r f i l l e d  t ankers  occurred "on t u r n s , "  while only 11 of t h e  47 r o l l o v e r s  

involving o t h e r  t ankers  (23  percen t )  occurred on turns .  (Presumably the  

major i ty  of r o l l o v e r s  occur r ing ,  g e n e r a l l y ,  d e r i v e  from a v a r i e t y  of 

cond i t ions  which a r e  not  n e c e s s a r i l y  l i k e l y  t o  e x c i t e  s l o s h  motions, such as 

running over uneven t e r r a i n  a t  the  roadside. It may be ,  then,  t h a t  slosh- 

loaded v e h i c l e s  become p e c u l i a r l y  involved i n  r o l l o v e r s  when a d i s t i n c t l y  

l a t e r a l  s t imulus  i s  provided,  such aa dur ing cornering.)  While these  r e s u l t s  

s t r o n g l y  suggest  t h a t  the  slosh-load cond i t ion  has  con t r ibu ted  t o  acc iden t  

causa t ion ,  t h e  incomplete informat ion on t h e  compartment f i l l  s t a t u s  makes 

d e f i n i t i v e  f i n d i n g s  unavai lable .  



1.ndepth investigations of 42 tanker accidents by the Traffic Authority 

of New South Wales, Australia, led to the citation of "liquid load movementI1 

as a contributing factor in 4 incidents [ 5 ] .  Insofar as no detailed analyses 

of vehicle motion dynamics were attempted in these investigations, however, 

the potential role of the liquid movement factor was not clearly demonstrated. 

In fact, "liquid load movement" was generally identified as a contributing 

factor in combination with "high center of gravity," thereby implicating a low 

overall level of roll stability. 

Moreover, the accident record provides a substantial amount of evidence 

which appears to implicate slosh as an accident factor, while generally 

failing to clearly establish its role in individual cases through indepth 

reconstruction analysis. 

2,2 Inquiry into American Industry Liquid Hauling Practices 

In order to gain an understanding of the potential for hazardous 

sloshing of liquids being transported in tank trucks and trailers, telephone 

contacts were made with a number of persons involved with the hauling of 

liquid commodities of various types. Information was sought on the size and 

structure of the cargo tanks used, particularly in relation to compartments 

and baffles, and on the extent of travel with the tank in a partially loaded 

condition. 

The findings from this inquiry are presented below in relation to 

various types of hazardous and non-hazardous liquid commodities, 

2.2.1 Gasoline and Fuel Oil. Contacts with a number of gasoline and 

fuel oil distributors in Michigan indicated considerable variation in the 

sizes and configurations of gasoline tankers. Single semitrailers varied from 

5,700 to 15,300 gallons in capacity. The numbers of compartments ranged from 

two to five, with four the most common number. 

The various semitrailer and doubles-configured tankers are used 

primarily to deliver the various types of gasoline, diesel fuel, and home- 

heating oil from pipeline terminals, oil refineries, and other storage 



f a c i l i t i e s  t o  gaso l ine  s e r v i c e  s t a t i o n s  and heat ing-oi l  d i s t r i b u t o r s .  

Typ ica l ly ,  a l l  compartments a r e  loaded f u l l ,  wi th  the  o i l  products being 

d e l i v e r e d  a t  one l o c a t i o n ,  and t h e  t anker  then re tu rn ing  empty. However, i t  

i s  f a i r l y  common f o r  one o r  more compartments t o  be only p a r t i a l l y  f i l l e d  wi th  

a p a r t i c u l a r  petroleum product ,  and i t  i s  not  uncommon t o  make two d e l i v e r i e s  

on a s i n g l e  t r i p ,  which may lead t o  some p a r t i a l l y  loaded compartments while 

t r a v e l i n g  between t h e  two d e l i v e r y  points .  Thus, f o r  a s i g n i f i c a n t  por t ion  of 

t h e i r  t r a v e l  mi les ,  these  t ankers  may have a t  l e a s t  one compartment only 

p a r t i a l l y  loaded,  wi th  a r e s u l t a n t  p o t e n t i a l  s l o s h  e f f e c t  on v e h i c l e  s t a b i l i t y  

and con t ro l .  

For the  d e l i v e r y  of hea t ing  o i l  t o  r e s i d e n t i a l  customers, respondents 

repor ted  us ing s ingle-uni t  tank t rucks  ranging from 2,000 t o  3,000 gal lons .  

These t r u c k s  conta ined from t h r e e  t o  f i v e  compartments. Usually these  t ankers  

l eave  the  s t o r a g e  f a c i l i t y  f u l l y  loaded,  but  t y p i c a l l y  they make from 8 t o  10 

home d e l i v e r i e s .  So, a s  t h e  v e h i c l e  t r a v e l s  between d e l i v e r y  p o i n t s ,  some of 

t h e  compartments a r e  n e c e s s a r i l y  i n  a p a r t i a l l y  loaded condi t ion.  However, 

respondents s a i d  t h a t  t h e  use  of many r e l a t i v e l y  small  compartments prevents  

much d i s tu rbance  due t o  l i q u i d  s loshing.  

2.2.2 Crude O i l .  For haul ing crude o i l  from wellheads t o  r e f i n e r i e s  

and p i p e l i n e s ,  t h r e e  nor the rn  Michigan respondents repor ted  us ing l a r g e  

s e m i t r a i l e r s  ranging from 13,500 t o  16,500 gal lons .  These t ankers  con ta in  

j u s t  two compartments, but  they do have ex tens ive  ba f f l ing .  One company 

repor ted  purchasing 55 13,800-gallon s e m i t r a i l e r s  which have a 3,450-gallon 

f r o n t  compartment con ta in ing  2 b a f f l e s  and a 10,350-gallon r e a r  compartment 

con ta in ing  7 b a f f l e s .  That company c u t  o u t  4-inch ho les  i n  t h e  top and s i d e s  

of the  b a f f l e s  i n  a d d i t i o n  t o  t h e  18-inch c e n t e r  hole  and t h e  12-inch bottom 

ho le ,  s o  t h a t  t h e  t r a i l e r  could be pumped out  i f  i t  r o l l e d  on i t s  s ide .  These 

t a n k e r s  u s u a l l y  t r a v e l  e i t h e r  empty o r  f u l l  (a l lowing f o r  about f i v e  percent  

u l l a g e ) ,  but  sometimes they w i l l  make two o r  t h r e e  p ick ups and thus  t r a v e l  

p a r t i a l l y  loaded between pick-up points .  One respondent mentioned t h a t  the  

t ankers  f e e l  no t i ceab ly  " s q u i r r e l l y "  i n  the  p a r t i a l l y  loaded condit ion.  

2.2.3 I n d u s t r i a l  and Salvage Oils. For the  t r a n s p o r t  of i n d u s t r i a l  and 

sa lvage o i l s ,  such a s  motor and hydrau l i c  o i l s ,  2 respondents repor ted  using 

s i n g l e v n i t  tank t r u c k s  between 1,500 and 3,500 g a l l o n s  i n  capac i ty  and 



containing 3 or 4 compartments. Both reported subs tan t ia l  t r ave l  i n  a 

p a r t i a l l y  loaded condition between del ivery o r  pick-up poin ts ,  but they said 

t h e i r  d r ive r s  found no s losh  problems a s  long a s  they drove careful ly .  

2.2.4 Liquified Petroleum Gas. For the del ivery of propane from 

storage f a c i l i t i e s  t o  i n d u s t r i a l  users  or r e s iden t i a l  d i s t r i b u t o r s ,  large 

semi t r a i l e r s  i n  the 9,600- t o  14,500-gallon range a re  used. These a re  single- 

compartment tanks with three or  four baf f les .  These tankers usual ly t rave l  

e i t h e r  empty or  f u l l ,  s ince they usual ly de l iver  a f u l l  load t o  a s ing le  

location. Propane tankers a re  customarily loaded only 85 percent f u l l  due t o  

necessary allowances f o r  expansions. 

For r e s iden t i a l  d i s t r i bu t ion ,  special ized single-unit  tank trucks a re  

used, ranging from 2,400 t o  3,000 gallons.  These tankers usual ly leave f u l l  

(allowing f o r  15 percent u l l age ) ,  but they may service 10 o r  more del ivery 

points  on 1 t r i p ,  such tha t  they a r e  t rave l ing  p a r t i a l l y  loaded much of the 

time. While these tankers a l l  incorporate s ing le  compartments, some contain 

ba f f l e s  and some do not. One respondent whose tankers a r e  baffled said one 

can sometimes f e e l  the s losh on corners a t  high speed and t h a t  It used t o  be 

worse with an unbaffled tank. (Since the baf f les  i n  question a re  only of the 

t ransverse va r i e ty ,  t h i s  comment i s  mysterious unless ,  perhaps, braking-in-a- 

turn maneuvers were ac tua l ly  the s e t t i n g  f o r  the complaint.) Another 

respondent said t h a t  he found no s losh problem i n  these small tankers ,  even 

without baff les .  

2.2.5 Indus t r i a l  Chemicals. For the t ransport  of the wide var ie ty  of 

i n d u s t r i a l  chemicals, so lvents ,  ac ids ,  a l k a l i e s ,  phosphates, e tc . ,  respondents 

reported using semi t r a i l e r  tankers ranging from 5,000 to  8,500 gal lons i n  

capacity. The g rea t  majority of these vehicles  incorporate from two t o  s i x  

compartments. The transported chemicals may vary i n  densi ty  from 5.7 lb s  t o  

16 l b s  per ga l lon ,  such t h a t  the tanks a r e  typ ica l ly  underf i l led when carrying 

heavier l i qu ids ,  although i n  such a case, shippers s t a t e  t h a t  they attempt t o  

use compartmentation advantageously when i t  i s  available.  The necessi ty  of 

carrying out a thorough cleaning of the tank between t ransport  of d i f f e r en t  

chemical products tends t o  discourage the use of i n t e r i o r  baff les .  



Usually these  products a r e  t r anspor ted  over f a i r l y  long d i s t a n c e s  from 

the  manufacturer o r  s to rage  f a c i l i t y  t o  one i n d u s t r i a l  u s e r ,  o r  t o  two o r  more 

i n d u s t r i a l  u s e r s  i n  t h e  same g e n e r a l  area .  So, un less  the  product i s  too 

dense t o  permit  completely f i l l i n g  t h e  t ank ,  t h e r e  is  l i t t l e  t r a v e l  i n  a 

p a r t i a l l y  loaded condi t ion.  One respondent repor ted  t h a t ,  i f  two o r  more 

d e l i v e r i e s  were t o  be made, they would a t tempt  t o  load the  t anker  i n  such a 

way t h a t  t h e  back compartment( s )  could be unloaded f i r s t .  

2.2.6 Cryogenic Liquids.  A number of gases  a r e  cus tomari ly  t r anspor ted  

i n  bulk i n  i n s u l a t e d  cargo tanks  which keep them i n  l i q u i f i e d  form below minus 

130F. These included such gases  a s  oxygen, hydrogen, n i t rogen ,  helium, and 

argon. General ly ,  each type of gas  has  i t s  own s p e c i a l i z e d  type of 

s e m i t r a i l e r  t anker ,  ranging from 4,700 t o  13,000 g a l l o n s  i n  capaci ty .  These 

t ankers  a r e  always s i n g l e  compartments, u s u a l l y  conta ining 2 o r  3 t r a n s v e r s e  

b a f f l e s  which con ta in  a 16-inch ho le  i n  t h e  c e n t e r  and half-moon openings a t  

the  top and bottom. One t anker  manufacturer repor ted  experimenting wi th  

blocking t h e  c e n t e r  h o l e ,  but  he f e l t  t h a t  t h i s  increased the  s l o s h  e f f e c t  

s l i g h t l y  wi th  a p a r t i a l  load. 

L iqu i f i ed  cryogenic  gases  a r e  u s u a l l y  t r anspor ted  i n  bulk i n  f u l l  tanks  

over  long d i s t a n c e s  t o  one o r  more l o c a l  d e l i v e r i e s  i n  the  same a r e a ,  so  t h e r e  

i s  r a r e l y  much t r a v e l  i n  a p a r t i a l l y  loaded condit ion.  Local d i s t r i b u t i o n  i s  

u s u a l l y  i n  g a s  c y l i n d e r s  r a t h e r  than i n  bulk. 

2.2.7 Milk and Other Edible  Liquids. I n  Michigan, most bulk milk is 

t r a n s p o r t e d  by t h e  Michigan Milk Producers Associa t ion (MMPA) o r  the  

Independent Milk Producers Associa t ion (IMPA). Farm pick ups a r e  c a r r i e d  out  

l a r g e l y  by independent milk h a u l e r s  who a r e  l i censed  by the  Michigan 

Department of Agr icu l tu re  and who a r e  under c o n t r a c t  t o  the  MMPA o r  t o  the  

IMPA o r  t o  t h e  few i n d i v i d u a l  d a i r i e s  which have t h e i r  own pick-up opera t ions .  

Dairy farms have t h e i r  own r e f r i g e r a t e d  t anks  i n  which milk i s  temporari ly 

s t o r e d ,  s o  p ick ups a r e  u s u a l l y  scheduled only once every two o r  t h r e e  days. 

The average farm w i l l  provide  300 t o  500 g a l l o n s  on one p ick  up, but  l a r g e  

farms may provide up t o  1,000 gal lons .  

For c o l l e c t i n g  milk d i r e c t l y  from d a i r y  farms,  respondents repor ted  

us ing s ing le -un i t  tank t rucks  varying i n  s i z e  from 1,500 g a l l o n s  t o  4,500 



gal lons and tank semi t r a i l e r s  varying i n  s i ze  from 5,000 gal lons t o  13,000 

gallons. A l l  tanks a r e  configured with cleanbore, single-compartment 

construction without ba f f l e s ,  such tha t  the tank can be cleaned according to  

r i g id  S ta te  regulations.  

Most of the miles a r e  covered with the tanker e i t h e r  i n  an empty 

condition on the way t o  the f i r s t  pick-up point ,  or  i n  a f u l l  condition 

returning t o  the dairy or milk d i s t r i bu t ion  center  from the l a s t  pick-up 

point.  However, the " fu l l "  condition i s  not always completely f u l l  due t o  

var ia t ions  i n  milk a v a i l a b i l i t y  a t  pa r t i cu l a r  farms, and due t o  the p rac t i ca l  

i n a b i l i t y  of s t ruc tur ing  each route so as  t o  achieve a f u l l  load. Also, fo r  a 

subs t an t i a l  port ion of t h e i r  miles,  the tankers a re  i n  a p a r t i a l l y  loaded 

s t a t e  as  they move among the 5 t o  20 farms on a typ ica l  milk pick-up route. 

Usually, one truck picks up milk from a group of farms i n  one general a rea ,  

which tends t o  minimize the percentage of the route which i s  covered with the 

tank i n  a p a r t i a l l y  loaded condit ion,  but t h i s  percentage va r i e s  considerably, 

depending on the length and s t ruc tu re  of pa r t i cu l a r  pick-up routes. 

Because of the absence of i n t e r n a l  ba f f l e s  and the r e l a t i ve ly  high 

number of miles covered i n  a slosh-loaded condition, milk pick-up tankers a r e  

pa r t i cu l a r ly  vulnerable t o  the s losh e f f e c t s  of p a r t i a l  loads i n  cornering or  

i n  emergency stops. Respondents mentioned tha t  d r ive r s  need t o  be ca re fu l ,  

espec ia l ly  when turning. One veteran respondent recal led a t  l e a s t  three t ip -  

over accidents with p a r t i a l l y  loaded milk tankers. 

For the d i s t r i bu t ion  of milk from pumpover s t a t i o n s  t o  d a i r i e s ,  

respondents reported using 5,000-, 6,000-, and 6,500-gallon semi t ra i le rs  o r  

6,600-gallon semi t r a i l e r s  combined with 5,600-gallon "pup" t r a i l e r s .  These 

twin t r a i l e r s  can car ry  104,000 l b s  (23 mg) of milk, well over the federa l  

recommended maximum of 80,000 l b s  (18 mg) t o t a l  weight, but l ega l  i n  Michigan. 

These tankers a l s o  incorporate single-compartment construction without baf f les  

fo r  ease i n  cleaning. They usually leave with a f u l l  load f o r  a s ing le  

des t ina t ion  and re turn  empty. However, one respondent mentioned having t o  

load the twin t r a i l e r s  t o  a less-than-full  condition f o r  t r i p s  using the 

Mackinac Bridge because of weight r e s t r i c t i o n s  on the Bridge. 



Occasional ly ,  milk t ankers  a r e  used t o  t r a n s p o r t  o t h e r  e d i b l e  l i q u i d s ,  

e s p e c i a l l y  on re tu rn ing  f  tom a milk de l ive ry .  Such a 1  t e r n a t i v e  commodities 

inc lude  syrup,  choco la te ,  wine, and po tab le  water. Since some of these  

products a r e  denser  than milk (up t o  12 l b s  per  g a l l o n  compared t o  8.6 l b s  per 

g a l l o n  f o r  mi lk) ,  i t  i s  not always p o s s i b l e  t o  f u l l y  load t h e  tanks  when 

ca r ry ing  these  a l t e r n a t i v e  l i q u i d s .  

Respondents f e l t  t h a t  t h e r e  was not  much of a s l o s h  problem i n  t h e  

longer  haul  opera t ions  of milk t ankers  because the  opera t ing cond i t ions  r a r e l y  

involved a p a r t i a l  load of f l u i d .  

2.2.8 Liquid F e r t i l i z e r .  There a r e  two r a t h e r  d i f f e r e n t  a s p e c t s  t o  

haul ing l i q u i d  f e r t i l i z e r ;  namely, l o c a l  and over the  road. The manager of a 

company which sprays  lawns wi th  f e r t i l i z e r  and weed k i l l e r  repor ted  using 2 

kinds  of s ing le -un i t  tank trucks--a 1,200-gallon t ruck wi th  one c r o s s  b a f f l e  

and a 1,000-gallon t ruck  wi th  5 s e p a r a t e  f i b e r g l a s s  compartments each holding 

200 ga l lons .  He s a i d  t h a t  t h e s e  t ankers  a r e  r a r e l y  completely f u l l .  They 

c a r r y  what i s  expected t o  be needed t o  s e r v i c e  15 o r  20 customers p e r  day and, 

of course ,  they become progress ive ly  emptied a s  t h e  t rucks  move from customer 

t o  customer throughout a 2-county region. 

A l o c a l  d i s t r i b u t o r  of l i q u i d  f e r t i l i z e r  t o  farmers uses  a 1,000-gallon 

tank t r a i l e r  pu l l ed  by a pickup truck.  He u s u a l l y  takes  a f u l l  load t o  one 

farmer. Two l a r g e r  d i s t r i b u t o r s  repor ted  us ing s e m i t r a i l e r  t ankers  varying 

from 3,000 g a l l o n s  t o  5,500 g a l l o n s  wi th  s i n g l e ,  unbaff led  compartments. 

Because of t h e  r e l a t i v e l y  high d e n s i t i e s  of these  f e r t i l i z e r s  (10.2 t o  13.0 

l b s  pe r  g a l l o n ) ,  the  t ankers  a r e  const ra ined by load laws t o  c a r r y  only a 

p a r t i a l  l o a d ,  when t h e  denser  f e r t i l i z e r s  a r e  involved. Also, t h e  t ankers  a r e  

o f t e n  employed i n  d e l i v e r i e s  t o  two o r  more farmers such t h a t  p a r t i a l  loads  

a r e  i n e v i t a b l e  along t h e  route.  One of t h e s e  respondents repor ted  t h a t  

d r i v e r s  d e f i n i t e l y  f e e l  the  s l o s h  under p a r t i a l  load cond i t ions  and t h a t  

d r i v e r s  a r e  warned t o  be e s p e c i a l l y  c a r e f u l  under wet condi t ions .  

A d i s p a t c h e r  f o r  an  i n t e r s t a t e  sh ipper  of l i q u i d  f e r t i l i z e r  s a i d  h i s  

company had 5 5,500-gallon s e m i t r a i l e r s  wi th  2 "half  b a f f l e s "  i n  the  s i n g l e  

compartment, 1 5 ,500-gal lon s i n g l e - u n i t  t anker  without compartments o r  

b a f f l e s ,  and 1 7,500-gallon old  o i l  s e m i t r a i l e r  without compartments o r  



baff les .  Because of the r e l a t i ve ly  high densi ty  (16.7 l b s  per gal lon)  of the 

28 percent so lu t ion  f e r t i l i z e r ,  these tankers a r e  usual ly only loaded t o  4,800 

gal lons,  yielding a 13-percent ul lage volume f o r  the 5,500-gallon tankers. 

However, f o r  the unbaffled 7,500-gallon tanker,  the 4,800-gallon load y ie lds  a 

36-percent ul lage volume and thus a d i s t i n c t  po ten t ia l  f o r  sloshing wave 

action. 

These tankers almost always t r ave l  empty o r  f i l l e d  to  the 4,800-gallon 

l eve l  fo r  del ivery to  a s ing le  r e t a i l  d i s t r i bu to r .  The dispatcher mentioned 

tha t  the s losh de f in i t e ly  could be f e l t  i n  a previously owned tanker without 

ba f f l e s  and tha t  he had f e l t  the s losh  qui te  a b i t  when he once drove a 2,000- 

gal lon load i n  a baff led 5,500-gallon tanker. However, he said h i s  company 

used experienced d r ive r s ,  and he d idn ' t  f e e l  s losh was a s ign i f i can t  s a fe ty  

problem. 

2.2.9 Water Used i n  F i re  Fighting. In t ransport ing water, most f i r e -  

f igh t ing  equipment conforms t o  the National F i re  Protect ion Association's 

National F i r e  Codes, whose provisions on tank construction a re  discussed i n  

sec t ion  3. 

Four loca l  f i r e  departments were contacted i n  determining tank 

configuration and f i l l i n g  practices.  Water tanks varying i n  capacity from 300 

gal lons to  3,000 gal lons were reported f o r  single-unit f i r e  trucks. Most of 

these tanks have a rectangular ra ther  than a rounded shape, typ ica l ly  

employing a "T-" type cross  sect ion with the lower pa r t  of the tank between 

the wheels and the upper pa r t  of the tank spreading out above the wheels of 

the truck. All of these tanks were reported to  be baffled i n  accordance with 

the NFPA Code. There was a l so  one small semi t ra i le r  with a 2,500-gallon oval 

tank containing 4 t ransverse ba f f l e s  i n  i t s  12-ft length. A 3,000-gallon, 

single-unit  tanker was described a s  having 2 separate  compartments plus 

ba f f l e s  within each. One department mentioned having a single-unit  commercial 

tank truck with a 2,100-gallon e l l i p t i c a l  tank which i t  found marginally 

s t ab l e  f o r  f i r e  service because the chassis  had not been configured f o r  

carrying the denser water load. This vehicle had apparently been converted 

from gasoline service--a conversion tha t  the NFPA recommends against.  



As f o r  p a r t i a l  load ing ,  f i r e - f i g h t i n g  t ankers  o r d i n a r i l y  l eave  the  

s t a t i o n  f u l l .  I f  a l l  of the  water i s  not used a t  a  p a r t i c u l a r  f i r e ,  the  tank 

w i l l  normally be r e f i l l e d  a t  a  nearby hydrant o r  stream before  re tu rn ing  t o  

the  s t a t i o n .  When t h i s  i s  not f e a s i b l e ,  e s p e c i a l l y  i n  r u r a l  a r e a s ,  f i r e -  

f i g h t i n g  t ankers  may t r a v e l  a  s u b s t a n t i a l  por t ion  of t h e i r  mi les  on the  r e t u r n  

t r i p  i n  a  p a r t i a l l y  loaded condi t ion.  None of the  f i r e  c h i e f s  who were 

contacted considered the  s l o s h  problem t o  be a s e r i o u s  concern,  a l though one 

admitted t h a t  the  l i q u i d  s losh ing  motions can c e r t a i n l y  be f e l t  when the  tank 

i s  ha l f  f u l l  and t h a t  i t  was necessary  f o r  d r i v e r s  t o  be e s p e c i a l l y  c a r e f u l  i n  

such a  s i t u a t i o n .  For tuna te ly ,  these  tank t rucks  a r e  usua l ly  i n  l e s s  of a 

hurry  on t h e i r  r e t u r n  t r i p s  than on t h e i r  outgoing t r i p s .  

2.2.10 Sewage, Four l o c a l  s e p t i c  tank waste hau le r s  repor ted  using 

s ing le -un i t  tank t rucks  ranging from 1,500 g a l l o n s  t o  3,600 g a l l o n s  i n  f 

capaci ty .  All of these  had s i n g l e  compartments wi th  two o r  t h r e e  b a f f l e s .  

These t ankers  a r e  almost never f i l l e d  a t  a  s i n g l e  pick up, s o  a  s u b s t a n t i a l  

p a r t  of t h e i r  t r a v e l  i s  i n  a  p a r t i a l l y  loaded condi t ion.  

The respondents a l l  s a i d  t h a t  the  b a f f l e s  seem t o  prevent any r e a l  s l o s h  

problem. One s a i d  he could f e e l  the  d i f f e r e n c e  when a  b a f f l e  broke, and 

another  one s a i d  one can f e e l  the  forward surge i n  a f a s t  s top.  One 

respondent s a i d  he thought t h a t  some t rucks  i n  the  bus iness  developed c l u t c h  

problems r e l a t i n g  t o  the  l i q u i d  surging and s loshing.  

2.2.11 Discussion. This  e x p l o r a t i o n  of l iquid-haul ing p r a c t i c e s  i n  

va r ious  i n d u s t r i e s  i s  i n s u f f i c i e n t  t o  provide d e f i n i t i v e  information on any 

p a r t i c u l a r  indus t ry .  However, i t  i s  s u f f i c i e n t  t o  suggest  t h a t  t h e r e  e x i s t s  a  

p o t e n t i a l  s a f e t y  problem from s losh ing  l i q u i d s  i n  many i n d u s t r i e s .  Many 

respondents tended t o  d i scoun t  t h e  importance of the  problem, however, 

suggest ing t h a t  c a r e f u l  d r i v e r s  could t ake  the  s l o s h  p o t e n t i a l  i n t o  account. 

The p o t e n t i a l  f o r  a l i q u i d  s l o s h  e f f e c t  on s a f e t y  seems p a r t i c u l a r l y  

l a r g e  i n  i n d u s t r i e s  which make considerable  use  of uncompartmentalized and 

unbaff led  cargo tanks  t r a v e l i n g  i n  a p a r t i a l l y  loaded condit ion.  The prime 

example of t h i s  i s  t h e  use  of tank t r u c k s  f o r  farm milk pick up. Other 

i n d u s t r i e s  of p a r t i c u l a r  concern inc lude  those  which employ a  s i n g l e  t anker  

conf igura t ion  t o  t r a n s p o r t  commodities having a  wide range of d e n s i t i e s .  



Examples of such operations include the t ransport  of l i qu id  edibles ,  

i n d u s t r i a l  chemicals, and l iqu id  f e r t i l i z e r s .  

The normal incidence of s losh loading would, of course, be compounded i f  

any new regulations were imposed t o  l i m i t  the weight allowance on ex is t ing  

vehicles.  The spec ia l  loading cons t ra in t  applying t o  Michigan's Mackinac 

Bridge, f o r  example, has the e f f e c t  of forcing p a r t i a l  load operations with 

a l l  of the l a rge r  capacity tankers which a re  designed to  operate i n  a  f i l l e d  

condition elsewhere i n  the State.  

Analogous weight r e s t r i c t i o n s  a l so  a f f e c t  liquid-hauling operations i n  

S ta tes  subject t o  spring freezing and thawing cycles. In  Michigan, some Sta te  

roads have t h e i r  weight l i m i t s  reduced 35 percent f o r  protect ion of the road 

s t ruc tu re  during designated periods of February through May each year. County 

roads and bridges which a r e  not of a l l -weather  construction may be limited 

even more. The r e s t r i c t i o n  period can range from 5 t o  12  weeks. This problem 

was mentioned pa r t i cu l a r ly  by respondents involved with picking up crude o i l  

from r u r a l  wellheads, but these r e s t r i c t i o n s  can increase the incidence of 

s losh loading f o r  many other  i ndus t r i e s  a s  well. 

2 . 3  The Design Charac ter i s t ics  of Bulk Transport Tanks and Tank Vehicle 
Chassis 

A grea t  var ie ty  of l iqu id  products a re  car r ied  i n  bulk quan t i t i e s  by 

tank truck t o  d i s t r i b u t i o n  o r  consumption points,  When persons responsible 

f o r  the t ranspor ta t ion  function s e l e c t  tank vehicles  f o r  these hauling tasks ,  

they begin with an iden t i f i ca t ion  of the propert ies  of the l iqu id  which i s  t o  

be carr ied.  The propert ies  of primary i n t e r e s t  a re :  

1) Hazardous mater ia l  c l a s s i f i c a t i o n  (such t h a t  c e r t a i n  

regulat ions regarding the tank container may apply) 

2 )  Fluid densi ty  

3 )  Pressure of containment during t ransportat ion 

4 )  Temperature during t ransportat ion 



5)  Viscosi ty  

6) Corrosiveness (such t h a t  p a r t i c u l a r  tank m a t e r i a l s  a r e  required)  

In  a d d i t i o n  t o  t h e  p r o p e r t i e s  of t h e  l i q u i d  i t s e l f ,  the re  a r e  a n c i l l a r y  

i s s u e s  in f luenc ing  tank design such as  the  means of loading and unloading,  the  

need t o  c a r r y  mul t ip le  commodities i n  s e p a r a t e  compartments, the  need t o  c a r r y  

d i f f e r i n g  commodities having s i g n i f i c a n t l y  d i f f e r i n g  d e n s i t i e s ,  and the  need 

t o  c lean  t h e  tank between loads ,  f o r  t h e  sake of e i t h e r  s a n i t a r y  p ro tec t ion  of 

foods tu f f s  o r  the  avoidance of chemical contamination wi th  d i s s i m i l a r  

commodities. 

Beginning wi th  t h e  road-use laws which apply i n  t h e  j u r i s d i c t i o n  i n  

which the  veh ic le  i s  t o  be operated,  the  t o t a l  weight and ax le  loading of the  

tank t ruck  o r  t r a i l e r  i s  determined. Assuming a g ross  weight f o r  the  t r a c t o r ,  

the  tank v e s s e l  i s  then designed with a c e r t a i n  t a r g e t  weight i n  mind. The 

volume of t h e  v e s s e l  is determined by f i n d i n g  t h e  sum of the  tank and f l u i d  

weight,  p lus  the  c h a s s i s ,  which y i e l d s  t h e  t a r g e t  weight. I f  var ious  

commodities a r e  t o  be c a r r i e d  i n  the  tank,  the  f l u i d  having t h e  l i g h t e s t  

d e n s i t y  g e n e r a l l y  determines the  des ign volume of the tank such t h a t  the  

maximum load allowances can be achieved over the  whole range of intended 

products. Considering t h i s  f l u i d ,  the  tank i s  then designed t o  be somewhat 

overs ized ,  al lowing f o r  an u l l a g e ,  o r  vacant ,  space a t  t h e  top of the  tank t o  

accommodate expansion of t h e  l i q u i d  load. Of course ,  when l i q u i d s  of h igher  

d e n s i t y  a r e  c a r r i e d  i n  the  sub jec t  tank,  t h e  e f f e c t i v e  u l l a g e  volume may be 

much l a r g e r  than the  des ign value which was provided a s  the  minimum t o  

accommodate t h e  l i g h t e s t  d e n s i t y  l i q u i d .  A s  w i l l  be shown, t h e  l a r g e r  u l l age  

volumes assoc ia ted  with a l t e r n a t i v e ,  h igh-dens i ty  l i q u i d s  provides the  

oppor tuni ty  f o r  s losh ing  motions i n  the  f l u i d  load. 

Shown i n  f i g u r e  1 a r e  t h r e e  bas ic  types of tank cons t ruc t ion  which a r e  

employed commonly i n  the  t r a n s p o r t a t i o n  of bulk l i q u i d s .  Tank type ( a )  i s  a 

smooth-skin, low-pressure v e s s e l  having i n t e r n a l  b a f f l e s  o r  bulkheads s i t u a t e d  

along i t s  c e n t e r l i n e .  The b a f f l e s  provide f o r  s t i f f e n i n g  of the  tank b a r r e l  

while a l s o  impeding the  l o n g i t u d i n a l  s losh ing  flow of l i q u i d  i n  the  p a r t i a l l y  

f i l l e d  condit ion.  The bulkheads provide s t i f f e n i n g  a s  wel l  a s  compartment 

s e a l i n g  f o r  t h e  sake of haul ing d i s s i m i l a r  products i n  one t r i p .  The vesse l  



f Transverse Baffles 

Double Bulkhead 
a. Internally Stiffened 

b. Externally Stiffened (typically a 
cleanbore vessel) 

c. "~igid" vessel built to the ASME Boiler 
Code specif ication (typically cleanbore) 

Figure 1. Types of tank construction. 



c h a r a c t e r i z e d  by type ( a )  i s  commonly employed i n  the  t r a n s p o r t a t i o n  of 

va r ious  petroleum products and i s  const ructed under the  MC-306 s p e c i f i c a t i o n  

of the  Code of Federal  Regulations,  

Tank type ( b )  i s  t y p i c a l l y  a c i r c u l a r  v e s s e l  wi th  "r ing s t i f f e n e r s , "  i n  

l i e u  of i n t e r n a l  b a f f l e s  o r  bulkheads,  f o r  the  achievement of s t i f f n e s s  along 

t h e  b a r r e l .  Such des igns  a r e  commonly s e l e c t e d  f o r  t r a n s p o r t a t i o n  of the  

broad v a r i e t y  of commercial chemicals. Such tanks  may a l s o  be found, 

occas iona l ly ,  wi th  i n t e r n a l  b a f f l e s  f o r  m i t i g a t i n g  the  l o n g i t u d i n a l  s l o s h  wi th  

p a r t i a l  loads.  Baf f l e s  a r e  not  common i n  t h i s  type of s e r v i c e ,  however, s i n c e  

i t  i s  q u i t e  d i f f i c u l t  t o  c l e a n  baffle-equipped tanks  t o  t h e  h igh degree of 

p u r i t y  needed t o  prevent contamination wi th  d i f f e r i n g  products.  

Tank type ( c )  i s  a c i r c u l a r  v e s s e l  const ructed t o  the  requirements of 

t h e  b o i l e r  code of t h e  American Socie ty  of Mechanical Engineers. The tank 

employs a heavy gauge s t e e l  s h e l l  which needs no o t h e r  reinforcement elements 

f o r  s t i f f e n i n g .  Such tanks a r e  used i n  the  t r a n s p o r t a t i o n  of l i q u i f i e d  

petroleum gases  and o t h e r  p ressur ized  loads ,  Because t h e s e  v e s s e l s  a r e  

u n i v e r s a l l y  of the  cleanbore v a r i e t y ,  wi th  no i n t e r n a l  b a f f l e s ,  p a r t i a l  l i q u i d  

loads  a r e  f r e e  t o  s l o s h  wi thout  impedance. 

Shown i n  Table 1 i s  a l i s t i n g  of l i q u i d  commodities t y p i c a l l y  

t r anspor ted  by tank t r a i l e r ,  t o g e t h e r  wi th  the  corresponding tank volumes and 

c o n s t r u c t i o n  types  which a r e  employed. For each nominal c l a s s  of l i q u i d  

product ,  s p e c i f i c  example f l u i d s  a r e  i d e n t i f i e d  wi th  the  corresponding d e n s i t y  

value which u l t i m a t e l y  determines tank volume. As can be seen ,  c e r t a i n  

commodities a r e  known t o  be commonly t r anspor ted  i n  tanks  which a r e  s i zed  t o  

a l s o  accommodate l i g h t e r  d e n s i t y  products ,  such t h a t  apparen t ly  "oversized" 

tank v e s s e l s  a r e  found matched t o  t h e s e  products ( s e e ,  f o r  example, the  

i n d u s t r i a l  chemicals group). The t a b l e  i n d i c a t e s  example dimensions f o r  t h e  

tank c r o s s  s e c t i o n  and t h e  type of v e s s e l  which i s  commonly found i n  each 

category of se rv ice .  

It should be noted t h a t  t h e  "cryogenic ( l i q u i f i e d )  gasese' group of 

commodities involves  l i q u i f i e d  a i r  products which must be maintained a t  very 

low temperatures.  Such l i q u i d s  a r e  t r anspor ted  i n  c y l i n d r i c a l  tank v e s s e l s  

which have e i t h e r  no, o r  perhaps one o r  two, t r a n s v e r s e  ba f f l e s .  An i n n e r  



Table 1. Examples of t r a n s p o r t  tank conf igura t ions  used i n  
t r a n s p o r t i n g  va r ious  common l i q u i d s  

Commodities 
I 

General 

Petroleum 
Fuels 

Other Petro. 
Products 

Transport Tank 

Capacity 
gal  

9,000 

8,100 

6,75 0 

Indua t rial 
Chemicals 

I n d u s t r i a l  & 
O i l  F ie ld  
Wastes 

Dairy 
Pickup 

Cryogenic 
(Liquified) 
Gases 

Other 
Liquif ied  
Gases 

Examp 1 e 

Gasoline 
Diesel 

Crude O i l  & 
Iadus t r i a l  Oils 

Asphalt 

Density, lb /ga l  

6 , 2  
7 . 1  

7.0 t o  8.0 

7.0 t o  8-6 

Typ . Pat tern  

E l l ip  t i c a l  
95"x67.jV 

El l ip  t i c a l  
86.5x60.25" 

Circular 
62.4" Dia. 

Alcohols 
Ammonium Ni t ra te  
Vinyls 

Glycols 
Acids 

Misc. ?fixtures 

Milk 

Hydrogen 

Helium 

Nitrogen 

o w ?  en 
Argon 

Butane 
'fropane 

Construction 

4-Compartment 
Intern .  Baffles 

Single Bore 
Intern .  Baffles 

Single Bore 
Ring S t i f f e n .  

6.4 t o  6.8 
7.5 

6.2 t o  7.8 

8.3 t o  9.3 
9.5 to  15.3 

9.0 

8.5 

0.58 

1.04 

6.71 

9.52 
11.60 

4.86 

Anhydrous 
, Ammonia 

7'125 

6'500 

5,300 

69000 

13,250 

11,000 

8,300 

6'000 

99000 88" Dia. / No Baffles 

- 

Circular 
69.25" Dia. 

Circular 
65.25"Di.a. 

Circular 
59"Dia .  

Circular 
62.75"Dia. 

Circular 
92" Dia. 

Circular 
92" Dia. 

Circular 
80" Dia. 

Circular 
65"Dia.  

I 

Single Bore 
Ring S t i f f e n .  

Single Bore 
R i n g s t i f f e n .  

In te rna l  
Baffles 

Single Bore 
R l n g S t i f f m .  

Single Bore, 
Vacuum- 
Insula t ing 
Jacket ,  In tern .  
Baffles 

Pressure ~ e s s z  
Circular Single Bore 



v e s s e l  which con ta ins  the  product i s  encased wi th in  a sea led  o u t e r  v e s s e l  and 

the  annular  space between the  two v e s s e l s  i s  evacuated of a i r  and f i l l e d  with 

an i n s u l a t i n g  m a t e r i a l  t o  minimize hea t  t r a n s f e r .  

An i n s u l a t e d  j acke t  i s  f r e q u e n t l y  found on many o t h e r  kinds of tanks  

a l s o .  Various commodities must be maintained a t  a r e l a t i v e l y  cool  temperature 

i n  o r d e r  t o  p r o t e c t  t h e  q u a l i t y  of t h e  l i q u i d ,  such a s  i n  t h e  case  of milk. 

Other products ,  such a s  a s p h a l t  f o r  example, a r e  t r anspor ted  hot  f o r  the  sake 

of reduced v i s c o s i t y  and read iness  f o r  the  end-use app l i ca t ion .  Such v e s s e l s  

t y p i c a l l y  incorpora te  a blanket-type i n s u l a t i n g  m a t e r i a l  around t h e  f l u i d  

v e s s e l  i t s e l f ,  with a t h i n  o u t e r  s k i n  shee t ing  over t h e  i n s u l a t i o n .  

A t y p i c a l  t r a n s v e r s e  b a f f l e  seen i n  many kinds  of cargo tank 

c o n s t r u c t i o n  i s  shown i n  f i g u r e  2. The b a f f l e  c o n s t i t u t e s  a s l i g h t l y  d ished 

p l a t e  having a l a r g e  c e n t e r  hole  providing t h e  primary path  f o r  t h e  dynamic 

flow of s l o s h i n g  l i q u i d .  The c e n t e r  ho le  is  s i zed  so  t h a t  a person may climb 

through, thereby assur ing  access  t o  a l l  p o r t i o n s  of t h e  v e s s e l  f o r  i n s p e c t i o n  

o r  r e p a i r s .  The semic i rcu la r  ho le  a t  t h e  bottom of t h e  b a f f l e  provides f o r  

e f f i c i e n t  d ra inage  flow when the  tank i s  being emptied. The smal l  h o l e s  

sometimes found a t  the  0 ,  90, and 270 degree  p o s i t i o n s  on the  b a f f l e  provide 

f o r  e a s i e r  "pumping o f f "  of l i q u i d  from a tank which has  been r o l l e d  onto  i t s  

s i d e  o r  top i n  an accident .  

In  appendix A t o  t h i s  r e p o r t ,  example tank l ayou t  ske tches  a r e  presented 

a s  i l l u s t r a t i o n s  of dimensions and conf igura t ion  d e t a i l s  which a r e  thought t o  

be r a t h e r  t y p i c a l  of s e m i t r a i l e r  t ankers  used i n  the  U.S. 

2.4 The Mechanics of Sloshing Liquid Loads 

A l a r g e  number of r e sea rch  endeavors have been undertaken,  over  the  

y e a r s ,  t o  s tudy t h e  mechanics of f l u i d s  which a r e  caused t o  s l o s h  insi-de 

va r ious  vesse l s .  I n  t h i s  s e c t i o n  of t h e  r e p o r t ,  t h e  f i n d i n g s  and methods of 

a n a l y s i s  and experiment developed i n  these  s t u d i e s  w i l l  be summarized a s  they 

a i d  i n  desc r ib ing  t h e  s l o s h  phenomena which occur wi th  road tankers .  F i r s t ,  

t h e  g e n e r a l  na tu re  of t h e  s l o s h  problems which have occurred i n  d i f f e r i n g  
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Figure  2. Typical transverse b a f f l e .  



engineering appl icat ions of tanks w i l l  be reviewed. Subsequently, de ta i led  

aspects of the mechanics of f l u id  s losh w i l l  be examined. 

2.4.1 An Overview of Slosh Problems i n  Various Tank Applications. As  

outlined i n  the Introduction t o  t h i s  repor t ,  slosh-related problems have been 

encountered i n  the operation of various types of vehicles ,  including 

aerospace, marine, r a i l ,  and trucking applications.  Outside of the 

t ransportat ion arena, there i s  a l so  a subs tan t ia l  body of l i t e r a t u r e  on the 

subject  of o s c i l l a t i o n  i n  under f i l led ,  s lender ,  water towers which a re  excited 

by na tura l  winds. In general ,  these s tudies  have served to  define the 

following: 

1) the s t a t i c  and dynamic responses of l iqu ids  i n  underf i l led vessles  

2) the basic nature of the various s losh waves which a re  generated 

under the dynamic conditions which do preva i l  

3)  the frequencies of exc i ta t ion  a t  which dynamic slosh waves 

resonate 

4 )  the influences of tank shape, f l u id  v iscos i ty ,  nominal f l u id  f i l l  

l e v e l ,  e t c . ,  on the response of the l iqu id  

5 )  ana ly t i ca l  s impl i f ica t ions  r e l a t i ng  geometric parameters of the 

tank and the f lu id  f i l l  l eve l  t o  small amplitude sloshing behavior 

6 )  the nominal effect iveness  of ba f f l e s  and other  measures meant t o  

mit igate  the influence of s losh 

The primary work pr ior  t o  1960 i n  the area of s losh  dynamics was 

conducted by the aerospace community and i s  summarized by Abramson [61. The 

major i ssue  being confronted i n  the aerospace appl icat ion concerns the l a t e r a l  

sloshing of l iqu id  fue l s  i n  a manner which d is turbs  the a t t i t u d e  control  

systems of launch vehicles. Although t rans ien t  s losh motions can be excited 

by wind shear loading a s  a rocket ascends through the atmosphere or  by engine 

shutdown during a multiphased launch, the mere presence of a l i g h t l y  damped 

mode of s losh motion i n  the v i c i n i t y  of the na tura l  frequency of the a t t i t u d e  

control  system has caused the f a i l u r e  of many ear ly  rockets 171 .  Aerospace 

research on the subject of f l u id  s losh  has provided very useful simplified 



models of s l o s h  mechanics which, i n  f a c t ,  provide good f i r s t - o r d e r  e s t ima tes  

of t h e  s l o s h  motions t h a t  a r i s e  i n  the  case  of road tankers.  The aerospace 

l i t e r a t u r e  a l s o  provides a good t r e a t i s e  on s l o s h  mi t iga t ion  techniques i n  the  

form of a NASA design manual e n t i t l e d  "Slosh Suppression" [ 7 ] .  Moreover, the  

aerospace engineer ing community i s  p r imar i ly  r espons ib le  f o r  the  advanced 

understanding of genera l  s l o s h  phenomena which e x i s t s  today, 

In the  marine f i e l d ,  the  primary problem posed by s losh ing  cargo i s  a 

s t r u c t u r a l  one. That i s ,  dur ing long ocean voyages, the  continual e x c i t a t i o n  

of l i q u i d  cargo by sea  waves se rves  t o  c r e a t e  dynamic loading which can cause 

s t r u c t u r a l  damage t o  the  containment v e s s e l s  wi th in  the  ship.  The l a r g e  

dimensions of cargo tanks  i n  commercial s h i p s  a r e  such t h a t  the  s l o s h  waves 

can t r a v e l  r a t h e r  long d i s t a n c e s  a t  r e l a t i v e l y  shallow f l u i d  depths  a s  the  

sh ip  p t i c h e s  and r o l l s .  Unstable s l o s h  waves, c a l l e d  "hydraul ic  jumps , I t  can 

occur and produce high l e v e l s  of impact fo rce  upon c o l l i s i o n  with the  tank 

walls .  A summary of the  marine problem involving s losh ing  l i q u i d s  i s  provided 

by Bass [ 8 ]  i n  a paper published by the  Socie ty  of Naval Arch i t ec t s  and Marine 

Engineers. The resea rch  i n  t h i s  f i e l d  has been u s e f u l  i n  e l u c i d a t i n g  the  road 

t r a n s p o r t a t i o n  problem posed by the l o n g i t u d i n a l  s losh ing  of l i q u i d  i n  

unbaff led  tanks  a t  low f i l l  l e v e l s ,  The hydraul ic  jump phenomenon which i s  

e s p e c i a l l y  adverse i n  marine p r a c t i c e  has a l s o  been observed i n  the  road 

tanker  case  involving candidate  b a f f l e  arrangements which have a h o r i z t o n a l  

p l a t e  a t  a  shallow depth  below t h e  f l u i d  surface .  The t y p i c a l  marine problem 

d i f f e r s  i n t r i n s i c a l l y  from t h a t  of road t ankers ,  however, i n  t h a t  sea  waves 

provide p e r i o d i c  e x c i t a t i o n  t o  s h i p s ,  whi le  the  problematic type of s l o s h  

occurr ing i n  road t ankers  i s  produced, p r imar i ly ,  by the  t r a n s i e n t  loading 

which a r i s e s  i n  an occas iona l  abrupt maneuver. 

Rather l i t t l e  was found i n  t h e  l i t e r a t u r e  regarding the  s loshing- l iquid  

problem i n  r a i l  tank ca r s .  A 1960 paper by I r rgang [ 9 ]  exp la ins  t h a t  

"...although t h e r e  a r e  c e r t a i n  d i f f e r e n c e s  between tank c a r s  with and without 

( b a f f l e s ) ,  these  provide no advantages with regard t o  (danger of de ra i lmen t ) ,  

running c h a r a c t e r i s t i c s ,  braking and shunting,  Thus because of t h e i r  

d isadvantages  ( regarding aggravat ion of s t r u c t u r a l  s t r e s s e s  i n  the  tank)  they 

a r e  not t o  be required i n  t h e  f u t u r e  f o r  new s tock  o r  f o r  e x i s t i n g  cars." 

( I n t e r e s t i n g l y ,  a  c l a s s i c  concern of American manufacturers of road t ankers  

has a l s o  been t h a t  the  use  of l o n g i t u d i n a l l y  o r i en ted  b a f f l e s  would tend t o  



l o c a l l y  s t i f f e n  the  tank s t r u c t u r e  such t h a t  f a t i g u e  s t r e s s  problems would 

a r i s e . )  The l a c k  of a  problem with  s l o s h  dynamics i n  the r a i l  environment 

would appear t o  suggest  e i t h e r  an in f requen t  incidence of p a r t i a l  loading i n  

tank c a r s  o r  the  genera l  u n a v a i l a b i l i t y  of e x c i t a t i o n s  having the  needed 

frequency and amplitude c h a r a c t e r i s t i c s  t o  cause problematic s loshing.  

The l i t e r a t u r e  speaking d i r e c t l y  t o  the  mechanics of s losh ing  l i q u i d s  i n  

road t ankers  i s ,  i t s e l f ,  q u i t e  s u b s t a n t i a l ,  Perhaps the  most completely 

informat ive  document which addresses  the  s t a t e  of knowledge on the  road t anker  

problem i s  a  r esea rch  r e p o r t  by Strandberg [ l o ] .  It i s  c l e a r  t h a t  the  

t r a n s i e n t  s t e e r i n g  and braking i n p u t s  which a t t e n d  accident-avoidance 

maneuvers produce l a r g e  l e v e l s  of l o n g i t u d i n a l  and l a t e r a l  a c c e l e r a t i o n  i n  the  

frequency ranges which can e x c i t e  major s l o s h  motions. Since the  f l u i d  

responses a r e  c h a r a c t e r i s t i c a l l y  underdamped, overshoots occur which have 

s i g n i f i c a n c e  f o r  v e h i c l e  s t a b i l i t y  and con t ro l .  The a v a i l a b l e  informat ion on 

f l u i d  motions,  n a t u r a l  f r equenc ies  of s l o s h  resonance,  s e n s i t i v i t y  t o  

geometric parameters and f l u i d  v i s c o s i t y ,  and the  degradat ion i n  o v e r a l l  

v e h i c l e  s t a b i l i t y  d e r i v i n g  from s l o s h  a r e  a l l  reasonably complete i n  the  case  

of road tankers .  I n  the  d i s c u s s i o n  of i n d i v i d u a l  a spec t s  of the  s l o s h  

phenomenon, l a t e r  i n  t h i s  s e c t i o n ,  r e sea rch  conducted on s l o s h  i n  o t h e r  

t r a n s p o r t a t i o n  modes w i l l  be combined wi th  t h a t  conducted p e c u l i a r l y  f o r  road 

t ankers  i n  assembling t h e  o v e r a l l  p i c t u r e  f o r  the  road t anker  app l i ca t ion .  

The o s c i l l a t o r y  problem encountered wi th  s l e n d e r  water towers has 

involved e x c i t a t i o n  of t h e  very l i g h t l y  damped tower s t r u c t u r e  e i t h e r  by 

period g u s t s  which produce d i s tu rbances  i n  the  d i r e c t i o n  of the  wind, o r  by 

the  p e r i o d i c  shedding of von Karman v o r t i c e s ,  producing d i s tu rbances  normal t o  

the  wind. When the  e x c i t a t i o n  frequency approaches one of the  n a t u r a l  

f r equenc ies  of t h e  s t r u c t u r e ,  t h e  sus ta ined  l a t e r a l  motions of the  tank can 

cause l a r g e  amplitude wave motions t o  be b u i l t  up i n  the l i q u i d .  Since the  

f i l l  l e v e l  i n  such t anks  v a r i e s  over a wide range each day, t h e  p o t e n t i a l  f o r  

damaging s l o s h  a c t i o n  i s  large .  Accordingly, mul t ip le  b a f f l e s  a r e  recommended 

( s e e  Berlamont, [ l l ] )  i n  o rde r  t o  damp s l o s h  a c t i o n  and t o  r a i s e  t h e  n a t u r a l  

s losh ing  f requenc ies  above t h e  range of the  s t r u c t u r a l  modes. The water tower 

problem i s  r a t h e r  u n l i k e  t h e  concern wi th  most road t ankers  s i n c e  i t  requ i res  

t h a t  a  l i g h t l y  damped mode of v i b r a t i o n  of the  tank resonate  with s l o s h  

dynamics over a l a r g e  number of cycles .  As w i l l  be shown, however, t h e r e  i s  



reason to  suspect t ha t  road tankers constructed as  f u l l  t r a i l e r s ,  which are  

known t o  exhibi t  a  l i g h t l y  damped mode of yaw o s c i l l a t i o n ,  may suf fer  an 

exaggerated resonant i n t e rac t ion  with s losh waves. 

2,4.2 The Mechanics of Slosh as i t  Applies t o  Road Tankers. This 

sect ion w i l l  deal  with the various aspects of f l u id  s losh i n  road tankers from 

the viewpoint of ana ly t i ca l  and experimental findings which permit us t o  

general ize on the phenomenon and i t s  p rac t i ca l  implications.  

2.4,2.1 The basic  nature of s losh motions. In the quiescent s t a t e ,  the 

f l u i d  residing i n  an under f i l led  vessel  exhib i t s  a  planar f ree  surface and 

tha t  plane i s  normal t o  the gravi ty  vector. When other  accelerat ions than 

tha t  of gravi ty a r e  present ,  the f l u i d  surface assumes other  or ien ta t ions  and 

shapes. In the common s t a t i c  case i n  which a  tank vehicle i s  negotiating a  

steady-state turn a t  constant ve loc i ty ,  V ,  the f l u i d  surface assumes a  

parabolic shape since the cen t r ipe t a l  accelerat ion ( v ~ / R )  imposed upon the 

respective elements of the l iqu id  increases  with increasing turn radius,  R,  

across the width of the tank. For p rac t i ca l  purposes, however, the turn 

radius i s  qu i te  la rge  r e l a t i ve  to the width of the tank such t h a t  the l iqu id  

assumes an e s sen t i a l l y  planar surface whose r o l l  o r ien ta t ion  i s  normal to  the 

resu l tan t  acce lera t ion  vector a t  the center  of the tank. The r o l l  angle of 

the l iqu id  surface,  phi ,  i s  simply defined by the l a t e r a l  accelerat ion 

component, A and the accelerat ion due t o  g rav i ty ,  g ,  as :  Y '  

phi = arc tan  %Ig 

Shown i n  f igures  3a and 3b is  the re la t ionship ,  developed by Isermann 

[12] ,  between the steady l a t e r a l  accelerat ion l eve l  and the net  l a t e r a l  and 

v e r t i c a l  displacements of the center  of the f l u i d  mass fo r  c i r cu l a r  and 

"supere l l ip t ica l"  tanks whose nominal dimensions a r e  shown. The data  show, 

f o r  example, t h a t  a t  0.25 g ' s  of l a t e r a l  acce lera t ion ,  the l iqu id  mass center  

i n  the 21-percent-filled c i r cu l a r  tank experiences a  l a t e r a l  s h i f t  of 7.9 i n  

(200 mm). The same condition with the supe re l l i p t i c  tank y ie lds  a  l a t e r a l  

displacement of approximately 12.2 i n  (310 mm). Clear ly,  the shape of the 

tank i s  a  strong determinant of the extent  of displacement of the f l u i d  mass 

deriving from the steady-turn condition, with the " f l a t t e r "  tank shapes 

suffer ing the l a rge r  displacements f o r  a  given percent-full  condition. In 
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s e c t i o n  2.5,  i t  w i l l  be shown t h a t  such s t a t i c  f l u i d  displacements c o n s t i t u t e  

a powerful mechanism f o r  degrading tanker  s t a b i l i t y .  

Dynamic s losh ing  motions of the  l i q u t d  a r e  induced whenever a  t r a n s i e n t  

o r  s t eady-s ta te  o s c i l l a t o r y  e x c i t a t i o n  i s  imposed. Although t r a n s i e n t  

a c c e l e r a t i o n s  c o n s t i t u t e  t h e  more important  e x c t t a t i o n s  which cause s l o s h  t o  

t h r e a t e n  the  s t a b i l i t y  of road t a n k e r s ,  the  s teady o s c i l l a t o r y  type of fo rc ing  

i s  much more amenable t o  a n a l y s i s  and i s  more thoroughly covered i n  t h e  

l i t e r a t u r e .  Since the  q u a l i t a t i v e  n a t u r e  of many t r a n s i e n t  responses can be 

i n f e r r e d  from "frequency response" informat ion,  i t  i s  u s e f u l  t o  examine t h e  

n a t u r e  of s t eady-s ta te  o s c i l l a t o r y  s loshing.  

O s c i l l a t o r y  s losh ing  waves have been c l a s s i f i e d  by Su [13] according t o  

f o u r  b a s i c - t y p e s ,  namely, s t and ing  waves, t r a v e l i n g  waves, hydrau l i c  jumps, 

and composite waves involving combinations of any of t h e  former types. Su 

s t a t e s  t h a t :  

"For a  shal low l i q u i d  o s c i l l a t i n g  a t  a  frequency much lower than i t s  

resonance frequency,  a  s tanding wave w i l l  be formed. As the  frequency 

i n c r e a s e s ,  t h e  s tanding wave changes i n t o  a  t r a i n  of t r a v e l i n g  waves of 

very s h o r t  wavelength. Hydraulic jumps r e s u l t  from smal l  d i s tu rbances  

and appear over  a  range of f r equenc ies  near the  resonance frequency. A s  

frequency i n c r e a s e s ,  the  jump w i l l  pass  i n t o  a  s o l i t a r y  wave." 

Shown i n  f i g u r e  4 a r e  photos produced i n  Su's l abora to ry  experiments 

showing waves developed under nominally shallow and deep l i q u i d  f i l l  l e v e l s .  

The f i g u r e  shows t h e  na tu re  of the  waves which form a t  these  f i l l  cond i t ions  

a s  the  frequency of r o l l  angle  e x c i t a t i o n  i n c r e a s e s ,  from top t o  bottom. The 

waves produced wi th  the  shallow f i l l  l e v e l ,  a t  the  l e f t ,  show a  hydrau l i c  jump 

developing a t  the  t h i r d  increment i n  excitation frequency. A t  the  bottom 

l e f t ,  t he  hydrau l i c  jump response has  become a  s o l i t a r y  wave which propogates 

from r i g h t  t o  l e f t  on the  s u r f a c e  of an otherwise r a t h e r  l e v e l  l iqu id .  A t  the  

deeper f i l l  l e v e l ,  s losh ing  near  resonance I s  charac te r i zed  by the formation 

of l a r g e  amplitude s t and ing  waves. This " f i r s t  mode" wave becomes 

superimposed upon the  su r face  of the  s t e e p l y  i n c l i n i n g  bulk mass of the  f l u i d ,  

render ing the  l e f t -  and right-going f l u i d  shapes asymmetric. A t  l a r g e  

amplitudes of e x c i t a t i o n ,  so-called " t r a v e l i n g  waves" may combine wi th  t h e  
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Figure 4. Characteristic wave types - Excitation frequency increases 
from top to bottom. [13] 



s tanding waves, such a s  i n  t h e  t h i r d  case  of e x c i t a t i o n  of the  deeper - f i l l -  

l e v e l  f l u i d .  The t r a v e l i n g  waves a r e  seen a s  the small  amplitude,  s h o r t  

wavelength d i s tu rbances  on the  f l u i d  su r face .  A t  f r equenc ies  very d i f f e r e n t  

from the  resonant frequency,  the  s l o s h  amplitude achieved wi th  deep l i q u i d s  i s  

r a t h e r  smal l  u n t i l  the  second mode of wave development becomes e x c i t e d ,  a s  i n  

the  bottom i l l u s t r a t i o n .  Such higher  modes a r e  g e n e r a l l y  beyond the  range of 

f r equenc ies ,  however, a t  which veh ic le  maneuvering a c t i v i t y  occurs. 

The fo rce  loadings  app l i ed  t o  tank w a l l s  a s  a r e s u l t  of s losh ing  a r e  

c l a s s i f i e d  by var ious  i n v e s t i g a t o r s  a s  e i t h e r  impulsive o r  non-impulsive, The 

primary mechanism f o r  impulsive loadings  appears t o  d e r i v e  from hydrau l i c  jump 

types  of waves. That i s ,  when the  nea r ly  v e r t i c a l  f r o n t  f a c e  of t h e  jump wave 

s t r i k e s  the  tank w a l l ,  an impact occurs  which r e s u l t s  i n  impulsive p ressures  

l a s t i n g  on the  o rde r  of 1 t o  10 msec. Su [13 ]  i n d i c a t e s  t h a t  impulsive 

p ressures  can a l s o  be caused by l a r g e  amplitude,  near-resonance, s t and ing  

waves due t o  the  rapid  and continuous buildup of l i q u i d  s u r f a c e ,  genera l ly  

producing a pulse  whose d u r a t i o n  i s  on the  o rde r  of one t e n t h  of the  s losh ing  

period.  The most severe  impact p ressures  occur a t  the  e l e v a t i o n  of the  

quiescent  f i l l i n g  l e v e l  of the  l i q u i d  o r  a t  abrupt i n t e r s e c t i o n s  of tank 

wa l l s ,  

For tuna te ly ,  t h e  g e n t l y  curved tank shapes used i n  t y p i c a l  road t ankers  

tends t o  avoid the  impact p ressure  problems which occur a t  the  abrupt co rners  

o f ,  say ,  r ec tangu la r  tanks.  C l e a r l y ,  t h e  i s s u e  wi th  impulsive loading 

involves  the  s t r u c t u r a l  i n t e g r i t y  of tanks.  Since the  impulsive loads  

g e n e r a l l y  con ta in  f requenc ies  which a r e  h igh r e l a t i v e  t o  s l o s h  resonance 

f requenc ies ,  they do not  s i g n i f i c a n t l y  in f luence  t h e  g r o s s  motion behavior of 

veh ic les .  

Non-impulsive p ressures  a r e  t h e  o rd ina ry  dynamic p ressures  exer ted  on 

the  con ta ine r  by an o s c i l l a t i n g  f l u i d .  These p ressures  a r e  developed a t  the 

nominal f requencfes  of t h e  wave motions,  themselves. As w i l l  be shown i n  

s e c t i o n  2.4.2.4, the  l a t e r a l  and l o n g i t u d f n a l  f o r c e s  produced i n  road t ankers  

due t o  t h e  r e s u l t a n t  of such p ressures  i n  t h e  h o r i z o n t a l  plane amount t o  

s u b s t a n t i a l  loads  in f luenc ing  the  corner ing and braking trim on the o v e r a l l  

vehic le .  F u r t h e r ,  i n  the  corner ing s c e n a r i o ,  t h e  l a t e r a l  component of the  



f l u i d  p ressure  r e a c t i o n  a g a i n s t  the  tank produces a t r a n s i e n t  r o l l  moment 

which i s  important  t o  t h e  determinat ion of r o l l  s t a b i l i t y .  

2.4.2.2 The mechanics of s l o s h  de r iv ing  from l i n e a r  ana lys i s .  I n  1960, 

Budiansky [14] published an a n a l y s i s  based on the  l i n e a r i z e d  hydrodynamics of 

an i n v i s c i d  f l u i d  s losh ing  i n  a c y l i n d r i c a l  tank. His theory was l i m i t e d  t o  

tanks  of c i r c u l a r  c r o s s  s e c t i o n  and t o  smal l  amplitude f l u i d  motions. His 

e v a l u a t i o n  of n a t u r a l  f r equenc ies  of s l o s h  motion were confirmed i n  

experiments conducted by McCarty and Stephens [15]. The n a t u r a l  f r equenc ies  

of l a t e r a l  and l o n g i t u d i n a l  s l o s h  motions f o r  d i f f e r i n g  f i l l  cond i t ion  a r e  

expressed i n  nondimensional terms i n  f i g u r e  5 ,  f o r  c i r c u l a r  "canals" having 

f l u i d  dep th ,  h ,  tank r a d i u s ,  a ,  and tank l eng th ,  1. For both d i r e c t i o n s  of 

e x c i t a t i o n ,  the  resonant f r equenc ies  go up wi th  i n c r e a s i n g  f i l l  l e v e l  and down 

wi th  inc reas ing  tank rad ius  ( o r  l eng th ) .  

Considering a p p l i c a t i o n  of t h e  n a t u r a l  frequency d a t a  i n  the  f i g u r e  t o  

r e a l i s t i c  road t anker  dimensions, t a b l e  2 p resen t s  the  n a t u r a l  frequency of 

t h e  f i r s t ,  o r  fundamental, mode o s c i l l a t i o n s  computed f o r  an example 

c i r c u l a r  t ank ,  84 i n  (213.4 cm) i n  diameter and 40 f t  (12,2 m) i n  length .  

Table 2. Parameters desc r ib ing  fundamental mode o s c i l l a t i o n s  i n  a 

c y l i n d r i c a l  tank t r a i l e r  

Fluid  Depth h/2a Nondimensional Freq. Temporal Freq. (Hz) 
( i n )  Lat. Long. Lat. Long. 

It i s  c l e a r  from f i g u r e  5 t h a t  the  tank dimensional parameters ,  a and 1, 

have a f i r s t - o r d e r  in f luence  on the  r e s p e c t i v e  l a t e r a l  and l o n g i t u d i n a l  

n a t u r a l  f requencies .  F i l l  h e i g h t ,  on the  o t h e r  hand, has a l e s s e r  in f luence  

on the  n a t u r a l  s losh ing  f requenc ies  except f o r  nea r ly  f u l l  cond i t ions  a t  which 

the  frequency tends  t o  r i s e  exponent ia l ly .  Bauer I181 has  observed t h a t ,  
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Figure 5 .  Variat ion of l i q u i d  na tu ra l  frequency w i t h  depth f o r  
t ransverse  modes i n  a c i r c u l a r  canal .  



".. .for a smal l  i n c r e a s e  i n  l i q u i d  h e i g h t ,  t h e  f i r s t  n a t u r a l  frequency 

i n c r e a s e s  only s lowly,  due t o  the  f a c t  t h a t  nea r ly  a l l  the  l i q u i d  moves 

a s  a s ludge ,  while f o r  he igh t s  c l o s e  t o  the  d iameter ,  only a smal ler  

p o r t i o n  of the  l i q u i d  p a r t i c i p a t e s  i n  the  f r e e  su r face  motion, which due 

t o  the  rap id  change of i t s  a r e a  with i n c r e a s i n g  l i q u i d  h e i g h t ,  shows a 

s t r o n g  inc rease  of t h e  n a t u r a l  frequency." 

B a s i c a l l y ,  Budiansky's a n a l y s i s  se rves  a s  a reasonable means t o  o b t a i n  a 

f i r s t - o r d e r  e s t ima te  f o r  the  fundamental mode s l o s h  f requenc ies  occurr ing i n  

road t ankers  haul ing most common l i q u i d s .  For example, a  value of 0.5 t o  0.6 

Hz f o r  t h e  c a l c u l a t e d  n a t u r a l  frequency of l a t e r a l  s l o s h i n g ,  wi th  a f i l l  l e v e l  

i n  t h e  v i c i n i t y  of 50 percent  of tank capac i ty ,  b a s i c a l l y  matches t h e  r e s u l t s  

obta ined through the  experimental  work of Strandberg [ l o ]  on o t h e r  tank shapes 

commonly found i n  road t anker  a p p l i c a t i o n s .  Addi t ional ly  Su [13] combined 

r e s u l t s  from d i f f e r i n g  i n v e s t i g a t o r s  showing t h a t  even tanks  having a 

r ec tangu la r  c r o s s  s e c t i o n  show n a t u r a l  s l o s h  f requenc ies  which a r e  c l o s e  t o  

Budiansky's p r e d i c t i o n s  f o r  c i r c u l a r  cy l inders .  For example, a  h a l f - f i l l e d  

r e c t a n g u l a r  tank having the  84-in width dimension used i n  the  t a b l e  above w i l l  

show a n a t u r a l  frequency of 0.57 Hz f o r  l a t e r a l  slosh--within 3 percent  of the 

value p red ic ted  by the  d a t a  i n  f i g u r e  5 f o r  a c i r c u l a r  c y l i n d e r  whose diameter 

i s  equal  t o  the  width of the  rec tangle .  

Thus, another  f i n d i n g  which can be drawn from t h e  sum of these  

obse rva t ions  i s  t h a t  the  c ross - sec t iona l  shape of a tank i s  not a s i g n i f i c a n t  

determinant of the  n a t u r a l  frequency of l a t e r a l  s l o s h  motions,  g iven a f ixed  

value  f o r  the  width dimension. Tank shapes which incorpora te  l a r g e r  values  of 

width w i l l ,  however, e x h i b i t  lower n a t u r a l  f r equenc ies  f o r  l a t e r a l  s l o s h  than 

w i l l  t anks  whose shapes render  a more narrow p r o f i l e .  

A l i n e a r ,  lumped-mass model which provides i n s i g h t  i n t o  the  f i r s t - m o d e  

s losh ing  system has  been i d e n t i f i e d  i n  a NASA Design C r i t e r i a  p u b l i c a t i o n  

e n t i t l e d  "Propel lent  Slosh Loads" [16]. Shown i n  f i g u r e  6 a r e  i l l u s t r a t i o n s  

of a mechanical-type of modeling approach f o r  r ep resen t ing  the  s l o s h  motions 

i n  u p r i g h t  tanks  having c i r c u l a r  c r o s s  s e c t i o n s  and c y l i n d r i c a l ,  c o n i c a l ,  and 

r i n g  p r o f i l e s  i n  t h e  s i d e  view. Such tanks  a r e  of i n t e r e s t  i n  aerospace 

vehic les .  Numerical va lues  f o r  the  nondimensional parameters of the  



Figure 6a. Basic data  and mechanical models fo r  representing first-mode 
l a t e r a l  sloshing i n  c i r cu l a r  cy l indr ica l  and 45' conical tanks. [16] 
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Figure 6b. Frequency, e f f e c t i v e  masses, and mass attachment po in t s  f o r  t h e  
lumped spring-mass model represen ta t ion  of first-mode l a t e r a l  
s loshing i n  c i r c u l a r  c y l i n d r i c a l  r i n g  tanks f o r  va r ious  r a t i o s  
of inner  tank rad ius  t o  ou te r  tank rad ius .  1161 



c y l i n d r i c a l  tank shown i n  f i g u r e  6a a r e  p l o t t e d  i n  the  graphs of f i g u r e  6b 

under the  curves corresponding t o  b /a  = 0. 

The "mechanical models1' in t roduce  the  not ion t h a t  the  s losh ing  

phenomenon involves  a  "fixed" and a  "sloshing" mass such a s  a l luded t o  i n  

Bauer 's  obse rva t ions ,  above. The por t ion  of the  t o t a l  f l u i d  mass which can be 

considered s losh ing  i s  determined by the  r a t i o  of the  f l u i d  h e i g h t ,  h ,  t o  the  

tank r a d i u s ,  a. While a  thorough d i s c u s s i o n  of the  u t i l i t y  of such models i s  

g iven by Abramson [ 1 7 ] ,  one u s e f u l  a p p l i c a t i o n  involves  l o c a t i n g  the  v e r t i c a l  

p o s i t i o n  of the  s l o s h  r e a c t i o n  load ( a t  h ) and es t ima t ing  the  s i z e  of the  1  
r e a c t i o n  f o r c e ,  g iven knowledge of the  e x c i t a t i o n  forces .  This simple scheme 

a l s o  provides  an a n a l y t i c a l  method of determining t h e  n a t u r a l  frequency of the  

fundamental mode of s l o s h  motions. 

The n a t u r a l  frequency of t h e  fundamental s l o s h  motion w i l l  be shown i n  

s e c t i o n  2.4.2.6 t o  be of importance a s  a  s a f e t y  cons ide ra t ion  because of the  

g r e a t e r  l ike l ihood  of e x c i t i n g  the  motions which resonate  a t  lower 

f requencies .  This concern i s  i d e n t i c a l  t o  t h a t  expressed i n  the  NASA manual 

"Slosh Suppression" [ 7 ]  i n  regard t o  the  d e s i r a b i l i t y  of compartmenting tanks 

so  a s  t o  i n c r e a s e  resonant s l o s h  f requenc ies  above the  range of p o s s i b l e  

e x c i t a t i o n .  I n  road t a n k e r s ,  compartmentation not  only a i d s  by r a i s i n g  the  

l o n g i t u d i n a l  s l o s h  frequency,  but  a l s o  by a t t e n u a t i n g  the  e f f e c t i v e  magnitude 

of the  "s loshing mass," i n  t h e  sense  e s t a b l i s h e d  i n  the  "mechanical modes" 

shown above. 

The amplitude of the  s losh ing  f l u i d  motions i s ,  of course ,  determined by 

the  s i z e  of the  e x c i t a t i o n  f o r c e ,  the  proximity of the  e x c i t a t i o n  frequency t o  

the resonant s l o s h  frequency,  and the  magnitude of the  damping which opposes 

f l u i d  ve loc i ty .  The primary damping mechanism p e r t a i n s  t o  the  v i s c o s i t y  of 

the  f l u i d  which is  involved.  Since road veh ic les  t r a n s p o r t  a  wide v a r i e t y  of 

f l u i d s  which e x h i b i t  damping p r o p e r t i e s  ranging from the  extremely low 

v i s c o s i t y  l e v e l s  found wi th  most cryogenic l i q u i d s  t o  the  very viscous  

petroleum and food products.  

Notwithstanding the  wide range of v i s c o s i t i e s ,  r e sea rch  has shown t h a t  

road t ankers  exper ience  s l o s h  motions which a r e  g e n e r a l l y  i n s i g n i f i c a n t l y  

inf luenced by f l u i d  v i s c o s i t y  ( s e e ,  f o r  example, r e f s .  [ l o ]  and [ 131 ). 



Strandberg [13 ]  exp la ins  t h a t  t h i s  i s s u e  i s  proper ly  addressed simply by 

examining the  r a t i o  of i n e r t i a l  t o  v iscous  f o r c e s  produced wi th in  the  s losh-  

induced flow. This r a t i o  i s  commonly expressed a s  the  Reynolds number which, 

f o r  the  ranges of d e n s i t y  and v i s c o s i t y  of most commercial f l u i d s  c a r r i e d  i n  

road t a n k e r s ,  assumes a r a t h e r  h igh value when s l o s h  flow v e l o c i t i e s  

c h a r a c t e r i s t i c  of the  fundamental mode of motion a r e  considered.  Thus, 

i n e r t i a l  r a t h e r  than viscous  e f f e c t s  dominate i n  determining s l o s h  flow 

responses i n  t h e  fundamental mode of o s c i l l a t i o n .  This f ind ing  covers a l l  

l i q u i d s  which a r e  s u f f i c i e n t l y  f l u i d  t o  be pumped t o  and from a road tanker  

(having v i s c o s i t i e s  up t o  approximately t h a t  of g l y c e r i n  a t  60 deg F--1200 

c e n t i s t o k e s  (4200 Saybolt  Universal  seconds). 

2 . 4 . 2 . 3  Complex wave motions examined through non l inea r  ana lys i s .  

Perhaps the  most complete a n a l y s i s  of the  complex flow phenomena which can 

occur due t o  s losh ing  has been repor ted  by Su [13], Although he c i t e s  a 

number of e a r l i e r  s t u d i e s ,  d a t i n g  back t o  the  f i f t i e s ,  the  e a r l y  work 

considered only non l inea r  wave motions, while otherwise assuming l i n e a r  

boundary cond i t ions  a t  the  tank w a l l ,  smal l  amplitude tank motions, and an 

absence of impact cond i t ions  such a s  produce f l u i d  spray,  a i r  ent ra inment ,  

e t c .  

Su's work c o n s t i t u t e s  a complex numerical a n a l y s i s  of t h e  time-dependent 

f low of incompressible f l u i d s  wi th in  tanks i n  a moving coordinate  system. The 

tank can p i t c h  o r  r o l l  about defined axes and can experience r e c t i l i n e a r  

a c c e l e r a t i o n s .  The developed model t akes  i n t o  account the n o n l i n e a r i t i e s  a t  

the  f r e e  l i q u i d  su r face  and a t  t h e  l i q u i d / t a n k  i n t e r f a c e .  

The i n t e r e s t e d  reader  should consu l t  Su's r e p o r t  t o  examine the  many 

cases  of tank conf igura t ion  and e x c i t a t i o n  which were examined, An example of 

the  work i s  shown i n  f i g u r e s  7a and 7b. The progress ion of i l l u s t r a t i o n s  i n  

t h i s  f i g u r e  show t h a t  a l a r g e  rec tangu la r  tank f i l l e d  t o  75 percent  of 

capac i ty  s u f f e r s  harsh  impact loads  a g a i n s t  i t s  rank top due t o  the  complex 

s losh ing  of l i q u i d  under the  in f luence  of a r o l l i n g  o s c i l l a t i o n .  Paraphrasing 

Su's  exp lana t ion ,  we see  t h a t  soon a f t e r  the  motion has s t a r t e d ,  a l a r g e  eddy 

has b u i l t  up, i n  frames (g )  and (h).  In  frame ( h ) ,  an opposi te  c u r r e n t  has 

developed near  the  f r e e  su r face .  This l e a d s  t o  a wave "overtopping," which 

appears  i n  frame ( i )  and the  subsequent a i r  ent rapping i n  frame ( j ) .  In  frame 





Figure  7b. (i) t = 3 .50 ,  8 = -0.1365 ( j )  t = 4 . 0 1 ,  8 = -0 .1261 
(k) t = 4 .50 ,  6) = -0.0666 ( 1 )  t = 4 . 5 0 ,  8 = 0.0666 1133 



( k ) ,  a wave has h i t  the  tank top and produced a l a r g e  impact p ressure ,  many 

t imes l a r g e r  than the  h y d r o s t a t i c  p ressure  experienced a t  the  bottom of the  

tank. Subsequent frames show the  cont inuing development of the  complex wave 

a c t i o n  involving even separa ted f l u i d  volumes. 

Highly complex non l inea r  phenomena such a s  t h a t  i l l u s t r a t e d  above 

c e r t a i n l y  may e x i s t  i n  the  road tanker  a p p l i c a t i o n ,  a l though i t  appears 

reasonable t o  conclude t h a t  warrants  f o r  such analyses  e x i s t  only1 when: 

a )  t h e  magnitude of t h e  s l o s h  response i s  a t  i s s u e ,  given 

v i scous  e f f e c t s ,  o r  

b) the  tank incorpora tes  b a f f l e s  o b s t r u c t i n g  the  f low, o r  

c )  f l u i d  p ressures  due t o  impact cond i t ions  a r e  of concern 

2.4.2.4 Forces on the  tank due t o  s loshing.  Mechanical analogy models 

were descr ibed e a r l i e r  f o r  use  i n  determining the  n a t u r a l  frequency of f l u i d  

s losh.  The same types  of models may a l s o  be used t o  determine the  magnitude 

of the  r e s u l t a n t  f o r c e s  and moments exer ted  i n  the  h o r i z o n t a l  plane due t o  

s losh.  A t  another  l e v e l ,  s t r u c t u r a l  cons ide ra t ions  demand t h a t  f l u i d  

p ressures  a r i s i n g  from s l o s h  be evaluated such t h a t  l o c a l i z e d  dynamic loading 

of t h e  tank s h e l l  may be assessed.  

The Nat ional  Aeronautics and Space Administrat ion (NASA) has  produced 

recommended p r a c t i c e s  f o r  t h e  des ign  of space veh ic le  tanks which may be 

s u b j e c t  t o  s losh ing  f l u i d s  1161. I n  t h i s  recommendation, equat ions  a r e  g iven 

f o r  c a l c u l a t i n g  the  peak f l u i d  p ressures  which w i l l  p r e v a i l  a t  the  resonant 

s l o s h  cond i t ion  a s  the  consequence of harmonic e x c i t a t i o n .  It i s  r e a d i l y  

observed,  i n  t h i s  a n a l y s i s ,  t h a t  a c e r t a i n  s l o s h  amplitude i s  reached, g iven 

t h e  f requency,  i n  which t h e  downward a c c e l e r a t i o n s  equal  the  a c c e l e r a t i o n  due 

t o  g r a v i t y .  A t  t h a t  cond i t ion ,  the  s losh ing  waves break up i n t o  tu rbu len t  

sp lash ing ,  thus  e s t a b l i s h i n g  an e f f e c t i v e  upper bound f o r  s l o s h  amplitude. 

The experimental  work which has  been done i n  support  of NASA's 

recommendations has involved the  r e l a t i v e l y  low l e v e l s  of l a t e r a l  a c c e l e r a t i o n  

which a r e  c h a r a c t e r i s t i c  of the  s p a c e c r a f t  problem. Strandberg [ l o ]  observed 

t h a t  these  a c c e l e r a t i o n  l e v e l s  a r e  much below t h a t  needed t o  achieve r o l l o v e r  



of a  road tanker.  It i s  i n s t r u c t i v e  t o  n o t e ,  however, t h a t  low a c c e l e r a t i o n  

d a t a  of t h i s  type repor ted  by Abrahamson [17] show s losh ing  f o r c e s  on the  

o rde r  of seven t imes l a r g e r  a t  resonance than the  i n e r t i a  f o r c e  c a l c u l a t e d  f o r  

the  same mass i f  i t  were r i g i d  and f i x e d  t o  the tank. 

When Strandberg conducted h i s  own experiments employing e x c i t a t i o n  

amplitudes which approached the  r o l l o v e r  l i m i t  of road t ankers ,  the  

corresponding s losh ing  l i q u l d  f o r c e  amplitudes were on the  o rde r  of two to  

t h r e e  t imes l a r g e r  than the  simple i n e r t i a  f o r c e  f o r  an equ iva len t  r i g i d  load. 

Shown i n  f i g u r e  8 i s  a  p l o t  of St randberg 's  measurements of t h e  " l a t e r a l  

l i q u i d  f o r c e  f a c t o r t '  versus  a  "s loshing factor ."  The o r d i n a t e  v a r i a b l e  i s  

simply the  r a t i o  of t h e  peak l a t e r a l  f o r c e s  due t o  the  s l o s h  response t o  a  

harmonic l a t e r a l  o s c i l l a t i o n  t o  the  corresponding f o r c e  l e v e l  of a  r i g i d  load. 

The a b s c i s s a  v a r i a b l e  i s  t h e  r a t i o  of "over turning f a c t o r s t t  f o r  c a s e s  of 

s losh ing  l i q u i d  (ROS) and r i g i d  load ( R ~ ~ ) ,  where each is 

def ined a s  t h e  peak f r a c t i o n  of the  v e r t i c a l  load which has  been t r a n s f e r r e d  

from the  t i r e s  on one s i d e  t o  the  t i r e s  on the  o the r .  Of course ,  the  veh ic le  

w i l l  r o l l  over when an over turning f a c t o r  i s  equal  t o  1.0, Values of t h e  

"s loshing f a c t o r "  g r e a t e r  than one simply i n d i c a t e  t h a t  the  peak load t r a n s f e r  

a t t a i n e d  i n  the  s losh ing  case  exceeds t h a t  f o r  a  r i g i d  load ,  a t  the  same l e v e l  

of l a t e r a l  a c c e l e r a t i o n  amplitude. The d a t a  i n  the  f i g u r e  represen t  a  range 

of e x c i t a t i o n  f requenc ies  pass ing through the  s l o s h  resonance value wi th  each 

tank,  

It i s  not s u r p r i s i n g ,  of course ,  t h a t  the  d a t a  i n  the  f i g u r e  show t h a t  

t h e  bui ldup of r e s u l t a n t  l a t e r a l  f o r c e  due t o  s losh ing  c l o s e l y  fo l lows t h e  

value  of the  s losh ing  f a c t o r  which reaches i t s  h ighes t  l e v e l s  a t  f l u i d  

resonance, Note t h a t  the  f i g u r e  i d e n t i f i e s  d a t a  p o i n t s  f o r  t h r e e  tank shapes,  

namely, c y l i n d r i c a l  (C) , e l l i p t i c a l  ( E ) ,  and s u p e r e l l i p t i c a l  (S)--which 

d e s c r i b e s  a  r a t h e r  f l a t t e n e d  e l l i p s e .  

I n  a d d i t i o n  t o  the  l a t e r a l  f o r c e  i m p l i c a t i o n s  of f l u i d  s l o s h ,  t h e  

importance of the  s l o s h  phenomenon t o  the  r o l l  s t a b i l i t y  of road v e h i c l e s  i s  

a l s o  determined by the  e f f e c t i v e  l a t e r a l  t r a n s l a t i o n  of the  f l u i d  mass c e n t e r  

a s  a  r e s u l t  of the  l a t e r a l  wave motion. Shown i n  f i g u r e  9 i s  Strandberg 's  

e s t ima t ion  of the l a t e r a l  t r a n s l a t i o n  of the  l i q u i d  mass c e n t e r  corresponding 

t o  a 50-percent-full  load over  the  range of s losh ing  f a c t o r s  shown i n  the  
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F i g u r e  8. Harmonic o s c i l l a t i o n  a t  d i f f e r e n t  f requencies  
and d i f f e r e n t  tanks  wi th  50% load volume. 
Y-values: L a t e r a l  l i q u i d  f o r c e  peak divided by 
corresponding va lue  f o r  r i g i d  load.  
X-values: Overturning f a c t o r  f o r  s losh ing  load 
divided by do. f o r  r i g i d  load.  Line drawn from 
l i n e a r  regress ion .  Cor re la t ion  c o e f f i c i e n t  
r = +0.80. [ l o ]  
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Figure 9 .  Approximate l e a s t  v a l u e s  f o r  t h e  la teral  d e v i a t i o n  
of t h e  l i q u i d ' s  c e n t e r  of g r a v i t y  p l o t t e d  a g a i n s t  
t h e  so -ca l l ed  s l o s h i n g  f a c t o r .  Harmonic o s c i l l a t i o n  a t  
d i f f e r e n t  f r e q u e n c i e s  and d i f f e r e n t  t a n k s  w i t h  50% 
load  volume, [ l o ]  



preceding f igure .  The ind ica ted  values  f o r  l a t e r a l  t r a n s l a t i o n  of the  f l u i d  

mass a r e  n o t a b l e  i n s o f a r  a s  they imply a  l a r g e  f r a c t i o n  of t h e  half- track- 

width dimension of t y p i c a l  road veh ic les .  C l e a r l y ,  the  l a t e r a l  t r a n s l a t i o n  

measure i s  of importance i n s o f a r  a s  i t  l o c a t e s  t h e  l e v e r  arm about which the  

s t a b i l i z i n g  "g rav i ty  moment" w i l l  a c t  i n  r e s i s t i n g  ro l lover .  Indeed, the  ne t  

i s s u e  involving t h e  in f luence  of s losh ing  f o r c e s  on v e h i c l e  r o l l  s t a b i l i t y  

p e r t a i n s  t o  the  over turning moment, Mo, shown i n  the  f i g u r e ,  which is  

dependent upon both the  magnitudes and l i n e s  of a c t i o n  of the  l a t e r a l  s losh ing  

fo rce  and t h e  r e s u l t a n t  v e r t i c a l  load. Although the  magnif ica t ion of s losh ing  

f o r c e s  i n  the  t anker  case  do not approach the  times-seven l e v e l  seen i n  

Abrahamson's r e s u l t s  f o r  s p a c e c r a f t ,  Strandberg has  shown them t o  be 

none the less  l a r g e ,  and of d i s t i n c t  concern r e l a t i v e  t o  v e h i c l e  r o l l o v e r .  

With regard t o  s losh ing  f o r c e s  developed due t o  braking wfth unbaff led  

t a n k e r s ,  Weir [19] has repor ted  experiments i n  which the  l o n g i t u d i n a l  surging 

of f l u i d  i n  an u n d e r f i l l e d  tank t r u c k  produced f l u c t u a t i o n s  i n  l o n g i t u d i n a l  

a c c e l e r a t i o n  of a s  much a s  0.1 g. Notwithstanding the  d i s tu rbance  which these  

f l u c t u a t i o n s  imposed upon t h e  braking process ,  t h e  au thors  observed t h a t  the  

most s i g n i f i c a n t  e f f e c t  of the  l o n g i t u d i n a l  s l o s h  f o r c e s  may r e l a t e  t o  the  

s t r u c t u r a l  i n t e g r i t y  of the  v e s s e l  i t s e l f ,  a s  we l l  a s  i t s  f a s t e n i n g  t o  the  

t ruck  chass i s .  

By way of h i s  r a t h e r  complete nonlfnear  time domain a n a l y s i s ,  Su 1131 

evaluated t h e  na tu re  of l o n g i t u d i n a l  s l o s h  motions and r e s u l t i n g  forces .  

Shown i n  f i g u r e  10, f o r  example, a  tank f i l l e d  t o  50 percent  of capac i ty  i s  

braked a t  0.5 g ' s ,  r e s u l t i n g  i n  a  t r a n s i e n t  f low toward the  f r o n t  of the  tank. 

Approximately one second fol lowing brake a p p l i c a t i o n ,  a  l o n g i t u d i n a l  fo rce  

equal  t o  1.06 t imes the  weight of t h e  f l u i d  i s  exer ted  a g a i n s t  the  f r o n t  

bulkhead. For a  s e t  of such c a l c u l a t i o n s ,  t h e  r e s u l t s  a r e  a s  shown i n  t a b l e  

3. 
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FigurZf.10. Longitudinal sloshing in an unbaffled tank - 
d=2 ft, a=16.1 ft/s2 
(a) t=O. 0 sec (b) t=0.64 sec (c) to0.96 sec 
( d )  t=1.12 sec [13] 



Table 3.  Rat io  of l o n g i t u d i n a l  s l o s h  f o r c e  t o  t o t a l  f l u i d  weight,  f o r  
s e l e c t e d  values  of tank f i l l  l e v e l  and braking acce le ra t ion .  

Braking Accelera t ion,  g 's 

Tank F i l l  Level ,  Z 

The r e s u l t s  r e v e a l  why i t  i s  t h a t  t r u c k  d r i v e r s  haul ing u n d e r f i l l e d  

l i q u i d  loads  i n  unbaff led  tanks  apply the  brake i n  a very tender  fashion.  

That I s ,  abrupt  hard braking l e a d s  t o  q u i t e  severe  j e r k i n g  motions which can 

be s u f f i c i e n t l y  s t rong  a s  t o  cause t h e  d r i v e r  t o  s t r i k e  h i s  head on the  back 

of t h e  cab,  o r  a t  l e a s t  t o  cause a s i g n i f i c a n t  whiplash motion of t h e  head and 

neck. 

Another s u b t l e  parameter which has a s i g n i f l c a n t  in f luence  upon the  

magnitude of the  l o n g i t u d i n a l  s l o s h  f o r c e s  produced during braking i s  the  

nominal p i t c h  ang le ,  o r  "tilt" of the  tank c e n t e r l i n e .  A publ ica t ion  of the  

L t A i r  Liquide Corporation of France [20] c i t e s  t h a t  t ankers  have been b u i l t  

wi th  the  tank i n c l i n e d  downwards toward t h e  r e a r  i n  o rde r  t o  lower t h e  he igh t  

of the  c e n t e r  of g r a v i t y .  L'Air Liquide sugges t s ,  however, t h a t  l o n g i t u d i n a l  

s l o s h  during braking with an u n d e r f i l l e d  load w i l l  produce a n e t  lower l e v e l  

of o v e r a l l  s t a b i l i t y  s i n c e  t h e  f l u i d  w i l l  rush up a g a i n s t  the  f r o n t  bulkhead 

i n  hard s tops .  Perhaps the  more s i g n i f i c a n t  reason f o r  avoiding such tank 

o r i e n t a t i o n s ,  however, i s  e s t a b l i s h e d  i n  c a l c u l a t i o n s  which Su [ 13 ]  repor ted  

f o r  a tank which was i n c l i n e d  downward a t  the  r e a r  by f i v e  degrees. Su 

determined t h a t  the  l o n g i t u d i n a l  s l a s h  f o r c e s  were twice a s  h igh dur ing 

braking i n  a 50-percent-full  tank having a 5-degree rearward tilt  than i n  a 

corresponding h o r i z o n t a l  tank. Considering a p a r t i c u l a r l y  troublesome l i m i t  

c a se ,  the  tank wi th  a downward t i l t  toward t h e  r e a r  w i l l  more e a s i l y  encounter 

the  very shallow f i l l  depths  needed f o r  developing a hydrau l i c  jump type of 

wave dur ing braking. As was discussed i n  s e c t i o n  2.4.2.1,  t he  hydraul ic  jump 

phenomenon would y i e l d  impulsive f l u i d  con tac t  wi th  the  f r o n t  bulkhead such 

t h a t  s t r u c t u r a l  damage becomes a s e r i o u s  concern. 



2.4.2.5 Experimental methods f o r  examining s losh.  A number of 

i n v e s t i g a t o r s  have conducted experiments using s c a l e  models of tanks  t o  

examine the  mechanics of s l o s h  responses ( f o r  example, Su [13] ,  Strandberg 

[ l o ] ,  D a l z e l l  [ 2 1 ] ,  and Abramson [17] ) .  In  such experiments,  i t  i s  necessary 

t o  s c a l e  the  v a r i a b l e s  according t o  c e r t a i n  dimensionless q u a n t i t i e s  i n  order  

t o  achieve "dynamic s i m i l a r i t y "  between the  experiment and the  f u l l - s c a l e  

cond i t ions  of i n t e r e s t  (assuming, of course ,  t h a t  the  experiment i s  t o  e n t a i l  

a  l e s s - than- fu l l  s c a l e  model). It has  been conventional  p r a c t i c e  t h a t  the  

a n a l y s i s  which i s  performed t o  determine t h e  s c a l i n g  r e l a t i o n s h i p s  ignore t h e  

e f f e c t s  of tank deformations a s  we l l  a s  the  su r face  t ens ion  and 

compress ib i l i ty  of the  l i q u i d .  

The s c a l e  s i m i l a r i t y  requirement has  been s a t i s f i e d  by most r e sea rchers  

by simply e s t a b l i s h i n g :  

a )  A l eng th  r a t i o  which is c o n s t a n t ,  e s t a b l i s h i n g  the  same s c a l e  

between model and f u l l  s c a l e ,  i n  a l l  t h r e e  dimensions. (An except ion is  made, 

however, when l i q u i d  motion i s  simply not t o  be exc i t ed  along one dimension 

such t h a t  i t s  s c a l e  i s  inconsequent ia l .  For example, Strandberg [ l o ]  induced 

only l a t e r a l  e x c i t a t i o n s  such t h a t  h i s  model tanks  could be const ructed wi th  a 

conveniently smal le r  s c a l e  along t h e  longitudinal dimension.) 

b )  A model e x c i t a t i o n  frequency,  omega which i s  scaled according t o  M' 
the  e s t a b l i s h e d  l eng th  r a t i o ,  by the  r e l a t i o n s h i p ,  

where the  s u b s c r i p t s  M and F r e f e r  t o  t h e  model and f u l l - s c a l e  

parameters,  r e spec t ive ly .  

c )  a f l u i d  kinematic v i s c o s i t y  i n  the  model case  which i s  ra t ioed  t o  

the  f u l l - s c a l e  kinematic v i s c o s i t y  according t o  the  l eng th  s c a l e  by the  

r e l a t i o n s h i p :  

( I n  most common a p p l i c a t i o n s  of road t ankers ,  however, v i s c o s i t y  

s c a l i n g  i s  unnecessary because the  viscous fo rces  a r e  very small  



r e l a t i v e  t o  the  i n e r t i a l  f o r c e s  wi th in  the  moving l i q u i d  [ l o ] .  It 

has  a l s o  been noted t h a t  modeling of l i q u i d  n a t u r a l  gas  or  o t h e r  

spec ia l i zed  l i q u i d s  may requ i re  v i s c o s i t y  s c a l i n g ,  a l though 

s u i t a b l y  low model v i s c o s i t i e s  may be d i f f i c u l t  t o  o b t a i n  [13].  ) 

Strandberg [ l o ]  has  considered s c a l i n g  f o r  the  cond i t ions  producing 

c a v i t a t i o n ,  o r  vapor iza t ion ,  of the f l u i d  i n  the  model experiment. 

Recognizing t h a t  the  p o t e n t i a l  f o r  c a v i t a t i o n  r e l a t e s  t o  the  nominal pressure  

I n  the  u l l a g e  space above t h e  l i q u i d ,  r e l a t i v e  t o  the  vapor pressure  of the  

f l u i d ,  he suggests  t h a t  u l l a g e  p ressure  i n  the  model case  may be the  

convenient  parameter t o  vary when experiments c a l l i n g  f o r  c a v i t a t i o n  s c a l i n g  

a r e  of concern. For most f l u i d s  c a r r i e d  i n  road t ankers ,  however, c a v i t a t i o n  

i s  seen a s  a  r a t h e r  improbable condi t ion.  

Given the  s c a l i n g  cons ide ra t ions  above, t h e  r e l a t i o n s h i p s  between 

f o r c e s ,  FM and FF, and moments, MM and MFp to the 

model and f u l l - s c a l e  c a s e s ,  a r e  g iven by the  fo l lowing s c a l i n g  i d e n t i t i e s :  

Forces,  
F ~ ' L ~  sz F ~ / L ~  

rho g 16 M rhoF g 1; 

Moments , 54'4 S $ILF 
rho g 1; M rhoF R 1; 

where : Lg and LF a r e  the  respec t ive  l eng ths  of the  model and f u l l -  

s c a l e  tanks  

rhoM and rhoF a r e  the  r e s p e c t i v e  f l u i d  d e n s i t i e s  

lM and i F  a r e  the  r e s p e c t i v e  tank widths 

g  i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y  

St randberg 's  [ l o ]  experimental  appara tus  i s  i l l u s t r a t e d  i n  f i g u r e  11. 

The f i g u r e  shows t h a t  a  hydrau l i c  servo was employed t o  e x c i t e  the  s c a l e  model 

tank a t  the  sca led  frequency cond i t ions  of i n t e r e s t .  The force  and moment 
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Figure 11. Experimental configuration and computing scheme used by 
Strandberg [lo]. 
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responses of the  s losh ing  l i q u i d  were measured by s t r a i n  gauge t ransducers  and 

cor rec ted  f o r  the  i n e r t i a l  components due t o  the  a c c e l e r a t i o n s  imposed on the  

mass of the  model tank i t s e l f .  The f o r c e  and moment s i g n a l s  were then scaled 

according t o  t h e  equa t ions  shown above and used a s  d i s tu rbance  inpu t s  t o  a  

veh ic le  model i n  o rde r  t o  s tudy t anker  r o l l  response t o  s losh ing ,  Such 

experimental  approaches have provided the  bulk of the  s u b s t a n t i v e  information 

a v a i l a b l e  today which speak d i r e c t l y  t o  the  s losh ing  problem which t h r e a t e n s  

t anker  r o l l  s t a b i l i t y .  

Various p a r t i e s  have conducted f u l l - s c a l e  veh ic le  t e s t s  i n  order  t o  

a s s e s s  the  importance of s l o s h  motions t o  v e h i c l e  response [ 3 , 1 9 , 2 2 ] .  Tank 

veh ic les  have been loaded t o  var ious  l e v e l s ,  u s u a l l y  wi th  water a s  the  t e s t  

f l u i d ,  and maneuvering experiments have been performed, a f f o r d i n g  both 

l o n g i t u d i n a l  and l a t e r a l  inpu t  e x c i t a t i o n .  The t e s t  veh ic les  have been 

instrumented i n  varying degrees  i n  o rde r  t o  measure the  c o n t r o l  inpu t  

v a r i a b l e s  a s  wel l  a s  t h e  g r o s s  motion responses of the  vehic le .  

In  g e n e r a l ,  these  s t u d i e s  have produced mixed r e s u l t s  i n  t h e i r  a b i l i t y  

t o  confirm the  d i s tu rbances  which a r i s e  due t o  f l u i d  s losh  i n  u n d e r f i l l e d  

tanks. As a  p a r t i c u l a r  shortcoming, the  f u l l - s c a l e  t e s t s  have su f fe red  from 

t h e i r  i n a b i l i t y  t o  methodically examine t h e  p e r t i n e n t  range of e x c i t a t i o n  

f requenc ies  such a s  has  been accomplished i n  the l abora to ry .  F u r t h e r ,  f u l l -  

s c a l e  t e s t s  have not  provided c l e a r  evidence of the  reduct ions  i n  s t a b i l i t y  

l e v e l  which d e r i v e  a s  a  r e s u l t  of s l o s h ,  r ega rd less  of the  p r e c i s i o n  of the  

frequency input .  Given the  l imi ted  s t a t e  of p roduc t iv i ty  of f u l l - s c a l e  t e s t s  

t o  d a t e ,  reduct ions  i n  veh ic le  r o l l  s t a b i l i t y  due t o  l a t e r a l  s l o s h  w i l l  be 

developed i n  the  next s e c t i o n  p r imar i ly  wi th  the  a i d  of l abora to ry  

measurements which have provided c a r e f u l  c h a r a c t e r i z a t i o n  of the  s l o s h  load 

i n p u t s  f o r  computerized veh ic le  models. 

2.5 The Inf luence of Slosh on the  S t a b i l i t y  and Control  of Tankers 

It has been shown t h a t  s l o s h  phenomena produce fo rce  and moment 

d i s tu rbances  upon the  con ta in ing  vesse l .  When the  vesse l  i s  mounted upon a  

motor t ruck  or  t r a i l e r ,  the  d i s tu rbances  can produce reduct ions  i n  t h e  

s t a b i l i t y  and c o n t r o l  c h a r a c t e r t s t i c s  which would d e r i v e  r e l a t i v e  t o  t h a t  



obtained wi th  a r i g i d  load.  The in f luence  of s l o s h  on veh ic le  dynamic 

behavior w i l l  be d iscussed i n  terms of the  respec t ive  l o n g i t u d i n a l  and l a t e r a l  

modes of s l o s h  motion. 

2.5 .1  Disturbance i n  Longitudinal  Response Due t o  Slosh During Braking. 

The a v a i l a b l e  l i t e r a t u r e  i n d i c a t e s  t h a t  the  l o n g i t u d i n a l  s l o s h  motions 

obtained dur ing braking i n  unbaff led  t ankers  produces only a minor degradat ion 

i n  l o n g i t u d i n a l  response of the  vehic le .  Weir [ 19 ]  noted f l u c t u a t i o n s  i n  

l o n g i t u d i n a l  a c c e l e r a t i o n  of 0.1 g amplitude due t o  the  s losh ing  of l i q u i d  i n  

a tank t ruck  following an abrupt  brake app l i ca t ion .  Such measured 

d i s tu rbances  were seen a s  having minor s i g n i f i c a n c e  t o  veh ic le  c o n t r o l  o r  t o  

s topping c a p a b i l i t y  and were suggested t o  be of more concern r e l a t i v e  t o  the  

s t r u c t u r a l  i n t e g r i t y  of the  tank than t o  the  dynamic response of the  vehic le .  
' 

S i m i l a r l y ,  Culley [ 3 ]  measured the  braking performance of th ree  t r a c t o r -  

s e m i t r a i l e r  t ankers  under var ious  s t a t e s  of u n d e r f i l l i n g  and found only modest 

and i n c o n s i s t e n t  v a r i a t i o n s  i n  s topping c a p a b i l i t y  a s  a func t ion  of f i l l  

l e v e l .  Although Culley a l s o  examined braking i n  a t u r n  wi th  u n d e r f i l l e d  

t ankers ,  no no tab le  degradat ion i n  performance was observed. 

Although no resea rch  was uncovered t o  address  more complex braking 

s i t u a t i o n s ,  t h e r e  seems t o  be a conceptual  b a s i s  f o r  concern over the  case  of 

braking a t  low speed i n  a shor t - radius  t u r n  with an u n d e r f i l l e d  t r a c t o r -  

s e m i t r a i l e r  tanker  while t h e  t r a c t o r  i s  s i g n i f i c a n t l y  a r t i c u l a t e d  with respec t  

t o  t h e  t r a i l e r .  Under such cond i t ions ,  it  can be hypothesized t h a t  r o l l o v e r  

w i l l  be aggravated by: 

a )  t h e  l o n g i t u d i n a l  s l o s h  of the  l i q u i d  such t h a t  the  tank load i s  

borne predominantly on the  t r a c t o r  suspensions which a r e  l e s s  ab le  

t o  c o n s t r a i n  the  r o l l i n g  motion of t h e  t r a f l e r ,  and 

b )  the  a r t i c u l a t i o n  response,  s i n c e  the  t r a c t o r ' s  f i f t h  wheel 

coupling a f f o r d s  a d e c l i n i n g  r o l l  moment r e a c t i o n  t o  the  t r a i l e r  

a s  the  a r t i c u l a t i o n  angle  increases .  

A l i k e l y  scenar io  f o r  such cond i t ions  might be the  abrupt  maneuvering of a 

t anker  i n t o  a terminal  a r e a  o r  o t h e r  s i t e  where the  c l o s e  q u a r t e r s  demand 

l a r g e  a r t i c u l a t i o n  angles  and a somewhat has ty  d r i v i n g  technique l eads  t o  

abrupt  braking. 



2.5.2 Reductions i n  Rol l  S t a b i l i t y  Due t o  L a t e r a l  Slosh. I n  preceding 

s e c t i o n s ,  the  genera l  na tu re  of the  l a t e r a l  s l o s h  phenomenon has been shown t o  

involve l i g h t l y  damped f l u i d  motions which can produce both s t a t i c  and dynamic 

f o r c e s  on the  tank v e s s e l ,  a s  wel l  a s  t r a n s l a t i o n s  of the  f l u i d  mass c e n t e r  

away from i t s  p o s i t i o n  i n  t h e  qu iescen t  s t a t e .  Depending upon the  complexity 

of the wave a c t i o n ,  toge the r  wi th  the  dynamics of the  veh ic le  maneuver which 

p r e c i p i t a t e d  t h e  f l u i d  motions, t h e  phase r e l a t i o n s h i p s  between l a t e r a l  fo rce  

development and l a t e r a l  t r a n s l a t i o n  of the  f l u i d  mass may a l s o  in f luence  t h e  

tendency toward a  r o l l o v e r  response. While no d i r e c t  comment on the  phase 

i s s u e  has  been apparent  i n  any of the c i t e d  p u b l i c a t i o n s ,  i t  would appear t h a t  

the  l a t e r a l  f o r c e  and l a t e r a l  t r a n s l a t i o n  responses a r e  r a t h e r  nea r ly  i n  phase 

wi th  one another.  The ne t  e f f e c t  of these  two components of the  l a t e r a l  s l o s h  

response i s  t o  genera te  a  r o l l o v e r  moment. I n  t h e  case  o f ,  say ,  a  steady- 

s t a t e  t u r n ,  t h e r e  i s  no i s s u e  of phase r e l a t i o n s h i p  and the  r o l l  moments can 

be simply determined by l o c a t i n g  t h e  d i sp laced ,  o r  t r a n s l a t e d ,  mass c e n t e r  of 

the  f l u i d  load.  In t h i s  s e c t i o n ,  the  s t a t i c  and dynamic cons ide ra t ions  of 

s l o s h  a s  a  mechanism aggravat ing r o l l  s t a b i l t t y  w i l l  be d iscussed.  

2.5.2.1 S t a t i c  cons ide ra t ions .  We can g a i n  a  q u a l i t a t i v e  view of t h e  

chal lenge which l a t e r a l  s l o s h  p laces  upon r o l l o v e r  under s t a t i c ,  o r  s teady 

t u r n ,  cond i t ions  by re fe rence  t o  f i g u r e  12. The f i g u r e  shows Su's computed 

r e s u l t s  f o r  the  v e r t i c a l  and l a t e r a l  p ressure  d i s t r i b u t i o n  upon the  wa l l s  of a  

r ec tangu la r  tank subjected t o  a  s teady l a t e r a l  a c c e l e r a t i o n  condi t ion of 0.25 

g ' s .  A s l i g h t  r i p p l e  i s  s t i l l  ev iden t  a t  t h e  f l u i d  su r face  a s  a  r e s u l t  of 

l i n g e r i n g  t r a n s i e n t s  fo l lowing the  onset  of l a t e r a l  acce le ra t ion .  I n t e g r a t i o n  

of the  r o l l  moment about t h e  c e n t e r  of the  tank due t o  the  d i s t r i b u t e d  

p ressure  cond i t ion  would f u l l y  c h a r a c t e r i z e  t h e  impl ica t ions  of the  steady- 

s t a t e  s l o s h  response a s  a  c o n t r i b u t i o n  t o  the  r o l l o v e r  process.  Of course ,  

the  p ressure  d i s t r i b u t i o n  i n  t h i s  s t a t i c  cond i t ion  simply fol lows the  

Bernoul l i  r e l a t i o n s h i p  r e l a t i n g  the  l a t e r a l  and v e r t i c a l  components of 

a c c e l e r a t i o n  and the  e f f e c t i v e  "depths" of f l u i d  i n  both d i r e c t i o n s .  

Strandberg [ l o ]  has incorporated analogous informat ion de r iv lng  from h i s  

model experiments i n t o  an a n a l y s i s  of a  tanker  suspended upon r e p r e s e n t a t i v e  

t i r e s  and suspension s p r i n g s ,  producing the  over turning l i m i t s  shown i n  the  

ba r  graph of f i g u r e  13. Note t h a t  the  suspended v e h i c l e  experiences l a t e r a l  

motion of t h e  f l u i d  i n  the  tank due t o  both the  l a t e r a l  a c c e l e r a t i o n  



Figure 12, Flow field kinematics at t=3.15 seconds due to a 
constant transverse acceleration equal to g / 4 .  [13] 
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Figure 13, Overturning limits for steady state cornering. Vehicles 
with different tank cross sections and load volumes, 

Right hand bars represent standard roll stiffness 
k=0.6.1o6 ~m/rad and left hand bars high roll stiffness 
ke1.2 lo6 ~m/rad for two axles. 

Shaded, partly hidden, bars represent rigid load fixed 
to the tank and white bars unrestrained liquid. 

Calculations by Lidstrom (1976) . 
Example: The rectangular tank (b) loaded to 50% 
volume with standard roll stiffness withstands 3.14 
m/s20 High roll stiffness increases the cornering 
performance to 3.8 m/s2. Complete restraining to 
liquid motion gives 5.5 m/s2 while 3 cross-walls 
(c) give 5.2 m/s2 with standard roll stiffness. [lo: 



condit ion,  i n  i n e r t i a l  coordinates,  a s  well  as the component of grav i ty  which 

l i e s  along the incl ined l a t e r a l  axis  of the tank, Cases of cy l indr ica l  and 

rectangular tank shapes a r e  shown. The height of the bars having cross- 

hatched sect ions shows the maximum l a t e r a l  accelerat ion leve l  to le rab le  

without rol lover  when the load i s  represented t o  be r igid.  The height of the 

white sect ions of those bars represents the steady rol lover  threshold obtained 

when the f l u i d  a t  the indicated f i l l  percentage i s  allowed to slosh. The 

s losh condition i s  seen t o  cause a  maximum reduction of 23 percent i n  the 

steady-state ro l lover  threshold of the cy l indr ica l  tank and 44 percent i n  the 

case of the rectangular tank. In general ,  however, the s losh deriving from a 

steady turn does not cause the rol lover  threshold of the underf i l led vehicle 

t o  become lower than would occur on the same vehicle i n  i t s  f u l l y  loaded 

condition. 

Isermann [12] produced r e su l t s  showing the l a t e r a l  and v e r t i c a l  

t r ans l a t ions  of the mass center  of the f lu id  during steady turning a t  

d i f f e r ing  l eve l s  of l a t e r a l  accelerat ion,  These r e s u l t s  were shown e a r l i e r  as  

f igure  3.  One convenient way t o  employ these r e s u l t s  ra ther  generally i s  t o  

combine the indicated l a t e r a l  and v e r t i c a l  t r ans l a t ion  dimensions with 

r e s u l t s ,  reported by Ervin [ 2 ] ,  r e l a t i ng  s t a t i c  mass center  locat ion t o  the 

steady rol lover  threshold. Evin's analyses showed t h a t  typ ica l  heavily loaded 

tractor-semi t r a i l e r s  suffered reductions i n  t h e i r  s t a t i c  rol lover  threshold a t  

a r a t e  of approximately 0.0002 g t s  per mm of ve r t i ca l  t r ans l a t ion  of the mass 

center  of the payload and a t  a  r a t e  of 0.0004 g ' s  per m of l a t e r a l  

t r ans l a t ion  off of the vehicle center l ine ,  Taking Isermann's cy l indr ica l  

tanker case,  a t  a  43-percent-filled condition, the l a t e r a l  and v e r t i c a l  

t r ans l a t ions  f o r  the condition approaching the rol lover  threshold ind ica te  an 

approximate 0.10 g reduction i n  rol lover  threshold r e l a t i v e  t o  the "rigid" 

case. This r e s u l t  i s  nominally the same as  tha t  reported by Strandberg 

( f igure  13) i n  h i s  most nearly equivalent condition, namely, the 50-percent- 

f i l l e d  case. A s imi la r  exercise  contrast ing the Isermann payload t rans la t ions  

f o r  the "supere l l ip t ica l"  tank design, and t h e i r  accompanying rol lover  

threshold implicat ions,  with the threshold r e s u l t s  reported by Strandberg f o r  

h i s  rectangular tank show t h a t  the supe re l l i p t i ca l  tank shape i s  tending 

toward the lid t rectangular case. 



These r e s u l t s ,  i n  t o t a l ,  show t h a t  the  in f luence  of s l o s h  on the  s t a t i c  

r o l l o v e r  th resho ld  i s  very l a r g e  and t h a t  t h e  in f luence  i s  e a s i l y  summarized 

on the  b a s i s  of t h e  l a t e r a l  and v e r t i c a l  t r a n s l a t i o n s  of the  f l u i d  mass 

c e n t e r ,  which d e r i v e s  from the  sum of t h e  s l o s h  motions wi thin  the  tank and 

the  r o l l i n g  a c t i o n  of the  tank on i t s  suspensions.  

2.5.2.2 Dynamic considera t ions .  The more profound in f luence  of f l u i d  

s l o s h  response on r o l l  s t a b i l i t y  occurs under dynamic cond i t ions  i n  which the  

l i g h t l y  damped l a t e r a l  s l o s h  mode i s  exc i t ed  nea r  i t s  resonant frequency. I n  

s e c t i o n  2.4.2.2, schemes f o r  p r e d i c t i n g  t h e  resonant f r equenc ies  of l a t e r a l  

s l o s h  were presented.  It was shown t h a t  f o r  a  broad range of tank f i l l  

cond i t ions ,  t h e  n a t u r a l  frequency of l a t e r a l  s l o s h  i n  a  t y p i c a l  road tanker  of 

c y l i n d r i c a l  shape was between 0.5 and 0.8 Hz, wi th  the  lower frequency range 

applying t o  the  l e s s - f u l l  cases .  

A s i g n i f i c a n t  ques t ion ,  then,  i n  eva lua t ing  whether l a t e r a l  s l o s h  

resonance is  l i k e l y  t o  be encountered,  concerns the  i s s u e  of the frequency 

content  of d r i v e r  s t e e r i n g  inpu t s .  Shown i n  f i g u r e  14 is a  s e t  of d a t a  

i l l u s t r a t i n g  the  frequency s p e c t r a  of s t e e r  i n p u t s  provided by passenger c a r  

d r i v e r s  under cond i t ions  of d i f f e r i n g  s i g h t  d i s t a n c e  [23]. Although 

corresponding d a t a  a r e  not  known t o  e x i s t  f o r  t ruck  d r i v e r s ,  these  d a t a  

i n d i c a t e  t h a t  some small  p o r t i o n  of t h e  s t e e r i n g  a c t i v i t y  of c a r  d r i v e r s  i s  i n  

the  frequency range a t  which s l o s h  resonance would be exci ted .  ( I t  i s  t h i s  

a u t h o r ' s  view, however, t h a t  s t e e r i n g  i n p u t s  approaching 0.5 Hz a r e  probably 

app l i ed  by t ruck  d r i v e r s  only when an unusual avoidance maneuver i s  c a l l e d  

f o r .  Thus, i t  i s  suggested t h a t  the  s t e e r i n g  spectrum which may a c t u a l l y  

apply t o  t ruck  d r i v e r  behavior probably l i e s  somewhat t o  the  l e f t  of those  

shown i n  f i g u r e  14.) 

The connection between s l o s h  resonance and t h e  reduct ion i n  veh ic le  

r o l l o v e r  limits i s  shown i n  St randberg 's  r e s u l t s  presented i n  f i g u r e s  15 and 

16. I n  f i g u r e  15, we see  t h a t  v e h i c l e s  o u t f i t t e d  wi th  c y l i n d r i c a l ,  

e l l i p t i c a l ,  and s u p e r e l l i p t i c a l  tanks  which a r e  loaded t o  50 percent of 

capac i ty  y i e l d  minimum va lues  of over tu rn ing  l i m i t  a t  f r equenc ies  i n  the  

v i c i n i t y  of 0.35 t o  0.55 Hz. The "resonance curves ,"  expressed i n  terms of 

over tu rn ing  l i m i t ,  a r e  seen t o  be s u f f i c i e n t l y  broad t h a t  r a t h e r  low values  of 

t h i s  l i m i t  a r e  achieved over a  f a i r l y  significant range of f requencies .  This 
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Figure 1 4 .  Typical normalized spectral density functions obtained 
from steering-wheel angle records. [ 2 3 ]  
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Figure  15. Overturning limits f o r  s t eady  s t a t e  corner ing.  
Vehicles wi th  d i f f e r e n t  t ank  c r o s s  s e c t i o n s  and load 
volumes. R o l l  motion neglected.  

Shaded, p a r t l y  hidden b a r s  represen t  r i g i d  load f ixed  
t o  t h e  t ank  and whi te  b a r s  unres t ra ined  l i q u i d .  
Ca lcu la t ions  by Lidstrom (1976 ) .  

Black narrow b a r s  represen t  0.5 Hz harmonic o s c i l l a t i o n  
wi th  c i r c u l a r  tank from phase I1 (a) and wi th  
" e l l i p t i c "  (not  r e c t a n g u l a r )  tank from phase I11 
(b  and c ) .  [lo] 
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Figure 16. Approximate overturning limits (SALm) as functions of 
the harmonic oscillation frequency for 50% load volume 
in different tank cross sections. The curves are 
approximated from a few data points 
and represent a schematic normalization method - 
Acceleration peak interval 1.92-2.20 m/s2. [ l o ]  



observa t ion  i s  important  i n  e s t a b l i s h i n g  t h a t  the  de t r imen ta l  a spec t s  of f l u i d  

s l o s h  do not depend upon a very f i n e l y  tuned resonant cond i t ion ,  but r a t h e r  

can be exc i t ed  from a more broad band of s t e e r  inpu t  f requencies .  

In f i g u r e  16 ,  the  b lack narrow bars  i n d i c a t e  the  over turning limits 

achieved a t  the  0.5 Hz e x c i t a t i o n  frequency,  while the  white ba r s  i n d i c a t e  the  

limits obta ined i n  a s t eady  t u r n ,  f o r  va r ious  f i l l  s t a t e s .  The d a t a  i n  t h i s  

f i g u r e  c l e a r l y  i n d i c a t e  t h a t  the  reduc t ions  i n  r o l l o v e r  threshold  ob ta inab le  

wi th  a harmonically o s c i l l a t e d  f l u i d  load can be w e l l  below t h a t  obtained i n  

the  s teady t u r n  condi t ion.  Fur the r ,  the  50-percent-full cond i t ion  appears t o  

reasonably approximate t h e  worst-case s l o s h  loading. 

General iz ing f u r t h e r  upon the  "resonant" response i s s u e ,  i t  should be 

noted t h a t  the  underdamped c h a r a c t e r  of the  l a t e r a l  s l o s h  response suggests  an  

overshoot t o  even a s t e p  func t ion  of l a t e r a l  acce le ra t ion- tha t  i s ,  a 

sus ta ined  o s c i l l a t i o n  i s  not  s t r i c t l y  required f o r  development of a 

s i g n i f i c a n t  l a t e r a l  s l o s h  motion. Figure 1 7 ,  f o r  example, i l l u s t r a t e s  the  

concept of an overshooting s l o s h  response t o  an abrup t ly  developed l a t e r a l  

a c c e l e r a t i o n  condi t ion.  The f l u i d  i s  depic ted  t o  be s losh ing  i n  a t r a n s i e n t  

manner, over  t ime,  such t h a t  peak displacement cond i t ions  accrue  a t  po in t s  (d )  

and (h).  When t h e  peak displacements occur ,  t h e  maximum r o l l  moments w i l l  

have been developed, perhaps producing r o l l o v e r  even though the  nominal 

l a t e r a l  a c c e l e r a t i o n  l e v e l  of the  t u r n  i s  below t h a t  needed f o r  r o l l o v e r  a t  

s teady s t a t e .  

The worst  t r a n s i e n t  maneuvers which a r e  l i k e l y  t o  be occurr ing i n  a c t u a l  

s e r v i c e  a r e  thought t o  be those  i n  which one o r  more f u l l  cyc les  of s t e e r  

o s c i l l a t i o n  a r e  appl ied  i n  conducting,  say ,  an obstacle-avoidance maneuver. 

An abrupt  l a n e  change, f o r  example, w i l l  e n t a i l  e s s e n t i a l l y  one f u l l  cycle  of 

s t e e r i n g  whose waveform may reasonably approximate a s i n e  wave. An "over and 

back" maneuver, i n  which t h e  d r i v e r  achieves  a l a t e r a l  p o s i t i o n  i n  t h e  

ad jacen t  l a n e  and then recovers  h i s  o r i g i n a l  lane  p o s i t i o n ,  w i l l  e n t a i l  two 

f u l l  cyc les  of s t e e r i n g .  When the  nominal frequency of such s t e e r  i n p u t s  

approach t h e  resonant  s l o s h  frequency,  s l o s h  amplitudes approaching the  

s t eady-s ta te  harmonic e x c i t a t i o n  r e s u l t s  such a s  repor ted  by Strandberg [ 10 1 
w i l l  develop. ( A s  noted i n  the  previous s e c t i o n ,  i t  appears t h a t  no f u l l -  

s c a l e  t e s t s  of the  proper des ign have been conducted t o  d a t e  t o  i l l u s t r a t e  
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Figure 1 7 .  Motions of the surface of a slosh load in steady- 
state and transient maneuvers. [41] 



t h a t  p a r t i a l l y  loaded t ankers  do,  indeed,  e x h i b i t  the  s t a b i l i t y  reduct ions  

which have been p red ic ted .  ) 

Su conducted a d d i t i o n a l  c a l c u l a t i o n s  t o  examine the  in f luence  of the  

he igh t  of the  r o l l  a x i s  on the  s l o s h  response obtained i n  a suspended tank 

[13]. The r e s u l t s  i n d i c a t e d  t h a t  v e h i c l e s  whose suspensions e s t a b l i s h  a r o l l  

a x i s  c l o s e r  t o  t h e  undis turbed f r e e  su r face  of the  l i q u i d  would s u f f e r  l e s s  i n  

terms of l a t e r a l  s l o s h  responses.  C l e a r l y ,  t h e  lower the  r o l l  a x i s ,  the  

g r e a t e r  i s  the  l a t e r a l  component of f l u i d  a c c e l e r a t i o n s  de r iv ing  from r o l l i n g .  

A r o l l  a x i s  mounted a t  t h e  he igh t  of the  undis turbed f r e e  su r face  of the  f l u i d  

merely permits  v e r t i c a l  f l u i d  motions a t  the  s u r f a c e ,  a s  a consequence of r o l l  

motion, The f i n d i n g  has some u t i l i t y  i n  consider ing the  s t a b i l i t y  of r e a l  

v e h i c l e s  s i n c e  i t  i s  known t h a t  the  suspensions employed on t y p i c a l  heavy 

v e h i c l e s  vary s u b s t a n t i a l l y  i n  t h e i r  r o l l  a x i s  l o c a t i o n s  [ 2 4 ] .  

Another i s s u e  of p a r t i c u l a r  i n t e r e s t  f o r  t ankers  configured a s  f u l l  

t r a i l e r s ,  e i t h e r  i n  t r u c k / f u l l  t r a i l e r  o r  doubles combinations,  involves  the  

mat ter  of t h e  i n h e r e n t l y  o s c i l l a t o r y  yaw responses of the  f u l l  t r a i l e r  which 

may resonant  wi th  t h e  l a t e r a l  mode of f l u i d  s losh.  I n  reference  1321,  f o r  

example, the  f u l l  t r a i l e r  a f  a Michigan-style double t anker  was seen t o  

e x h i b i t  an o s c i l l a t o r y  mode of yawls ides l ip  response a t  0.6 t o  0.8 Hz--a 

frequency range which encompasses the  t y p i c a l  values  of s l o s h  n a t u r a l  

frequency c i t e d  i n  s e c t i o n  2 . 4 . 2 . 1 .  Although more d e t a i l e d  a n a l y s i s  i s  

r e q u i r e d ,  t h e r e  seems ample reason t o  hypothesize t h a t  underdamped t r a i l e r  yaw 

o s c i l l a t i o n s  could we l l  i n t e r a c t  wi th  l a t e r a l  s l o s h  i n  a most undes i rab le  

manner. (The a u t h o r ' s  communications wi th  a major o i l  company opera t ing  

t r u c k / f u l l  t r a i l e r  t ankers  i n  t h e  S t a t e  of C a l i f o r n i a  r evea l s  t h a t  a problem 

of t h i s  type has been observed i n  the  f i e l d  and t h e  company has adopted a 

p r a c t i c e  of avoiding any s l o s h  loading of i t s  f u l l  t r a i l e r s . )  

G i l l e s p i e  [ 2 5 ]  addressed t h e  i s s u e  of t h e  l a t e r a l  s l o s h  problem which 

remains i n  t a n k e r s  having mul t ip le  compartments which a r e ,  themselves,  loaded 

i n  an u n d e r f i l l e d  condi t ion.  Assuming the  compartments have been emptied i n  a 

sequence which does provide a reasonable  f o r e / a f t  load d i s t r i b u t i o n ,  G i l l e s p i e  

considered the  consequences of having an i n d i c a t e d  percentage of the  remaining 

load f r e e  t o  s losh .  Figure 18 shows an es t ima te  of t h e  r o l l o v e r  threshold  i n  

a t r a n s i e n t  maneuver f o r  an e l l i p t i c a l  tanker  a s  a func t ion  of the  percent  of 
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Figure 18. Rollover threshold as a function of load percentage 
and fractional slosh volume. [25]  



f u l l  capac i ty  load being c a r r i e d .  The f i g u r e  shows the  r o l l o v e r  threshold  f o r  

constant lines of Vcs/VT, which i s  the  f r a c t i o n  of the  t o t a l  l i q u i d  which i s  

i n  compartments t h a t  a r e  loaded between 25 percent and 7 5  percent  of t h e i r  

r e s p e c t i v e  c a p a c i t i e s .  We s e e  t h a t  the  worst condi t ion p r e v a i l s  when the  

veh ic le  i s  loaded t o  approximately 45 percent  of i t s  t o t a l  capac i ty  and a l l  of 

t h e  f l u i d  i s  " f ree  t o  s losh"  ( t h a t  i s ,  a l l  of the  f l u i d  i s  s i t u a t e d  i n  

compartments which a r e  between 25 and 75 percent  f u l l ) .  The key observat ion 

which can be drawn from t h i s  a n a l y s i s  i s  t h a t  the r o l l o v e r  threshold  i n  t h i s  

dynamic maneuver w i l l  not  be below t h a t  of the  f u l l y  loaded u n i t  a s  long a s  

the  p o r t i o n  of the  f l u i d  load which i s  f r e e  t o  s l o s h  i s  no more than 

approximately 20 percent.  Thus, i f  t ankers  having mul t ip le  compartments a r e  

used i n  such a way a s  t o  keep t h e  u n d e r f i l l e d  compartment s t a t u s  wi thin  the  

bounds implied by the  "20 percent  of remaining load" c r i t e r i o n ,  dynamic s l o s h  

w i l l  not  be p e c u l i a r l y  problematic.  

2.6 Approaches Toward Mi t iga t ing  t h e  E f f e c t s  of Slosh 

Having seen t h a t  s l o s h  f o r c e  and moment d i s tu rbances  a r e  l a r g e  and t h a t  

wholesale r educ t ions  I n  tanker  s t a b i l i t y  can r e s u l t  from both s t a t i c  and 

dynamic s l o s h  phenomena, m i t i g a t i o n  of s l o s h  e f f e c t s  seems an important  i s sue .  

The aerospace community saw t h e  need f o r  s p e c i a l i z e d  f e a t u r e s  i n  spacecra f t  

des ign t o  m i t i g a t e  t h e  e f f e c t s  of s l o s h  wi th ln  t h e  tanks  of l iquid-fueled 

rockets .  A NASA document from the  l a t e  s i x t i e s  e n t i t l e d  "Slosh Suppression" 

o u t l i n e s  a number of the  techniques by which the  s l o s h  problem i s  a l l e v i a t e d  

i n  rocket  des ign 1 7 1 .  The genera l  form of the  suppression techniques 

i d e n t i f i e d  f o r  space a p p l i c a t i o n s  can be divided i n t o  t h r e e  c a t e g o r i e s  which 

a l s o  u s e f u l l y  d i s t i n g u i s h  the  approaches toward controlling s l o s h  i n  road 

v e h i c l e s ,  namely, 

a )  r educ t ions  i n  the  s i z e  of the  "sloshing mass" r e l a t i v e  t o  the  

t o t a l  f l u i d  mass 

b) a l t e r a t i o n  i n  t h e  s l o s h  resonant f r equenc ies  such t h a t  tuning 

wi th  the  a v a i l a b l e  e x c i t a t i o n  sources  i s  l e s s  l i k e l y  o r  pronounced 



c )  damping of t h e  dynamic f l u i d  motions such t h a t  peak s l o s h  

amplitudes a r e  reduced 

I n  t y p i c a l  road t ankers ,  some degree of s l o s h  suppress ion per category 

( a )  i s  implemented i n  those  types  of v e s s e l s  which a r e  separa ted i n t o  mul t ip le  

compartments. The e f f e c t i v e n e s s  of convent ional  compartmentation o r  any o t h e r  

approach toward subdividing the  load can be understood by re fe rence  t o  the  

p r i o r  d i s c u s s i o n  of t h e  "sloshing" and "fixed" masses which a r e  d i s t ingu i shed  

i n  the  so-called "mechanical model" approach presented i n  s e c t i o n  2 . 4 . 2 . 1 .  

Shown i n  f i g u r e  19 i s  a  reproduct ion of the  p l o t  of mass r a t i o s  from t h e  p r i o r  

f i g u r e  6b. Although t h i s  i l l u s t r a t i o n  is der ived f o r  an upr igh t  c y l i n d r i c a l  

tank,  t h e  r e s u l t s  a r e  q u a l i t a t i v e l y  a p p l i c a b l e  t o  o t h e r  common tank shapes. 

We s e e  t h a t  a s  t h e  r a t i o ,  h / a ,  goes down, r epresen t ing  tanks  o r  tank 

compartments which a r e  broad r e l a t i v e  t o  the  f l u i d  h e i g h t ,  an i n c r e a s i n g  

f r a c t i o n  of t h e  t o t a l  mass becomes "involved" i n  the  s l o s h  motions which a r e  

developed. For a  t y p i c a l  road t anker  having,  say ,  c y l i n d r i c a l  o r  e l l i p t i c a l  

tank shape and a  50-percent-full  l i q u i d  l o a d ,  the  ( h / a )  value assoc ia ted  wi th  

l a t e r a l  motions w i l l  be near  1.0 such t h a t  h a l f  o r  more of the  l i q u i d  i s  

involved i n  t h e  "s loshing mass." For tank shapes having a  wider and lower 

p r o f i l e ,  l a t e r a l  s l o s h  w i l l  be of g r e a t e r  p o t e n t i a l  det r iment  because of the  

l a r g e r  f l u i d  mass involved i n  the  s l o s h  motions. For tanks  which a r e  

compartmented along the  longitudinal dimensions,  t h e  ( a )  parameter w i l l  d e f i n e  

t h e  compartment l e n g t h  (assuming no l a t e r a l  b a f f l e s  t o  impede the  s losh ing  

flow). Given the  t y p i c a l  t anker  dimensions presented i n  s e c t i o n  2.3,  i t  i s  

apparent  t h a t  many tank s e m i t r a i l e r s  employ s u f f i c i e n t l y  long compartment 

l e n g t h s  t h a t  p a r t i a l  loads  i n  t h e  v i c i n i t y  of 50-percent-fi l led would e a s i l y  

involve  more than ha l f  of t h e  l i q u i d  a s  t h e  "s loshing mass." 

C l e a r l y ,  t h e  s i z e  of t h e  s losh ing  mass i s  s t r o n g l y  i n f l u e n t i a l  i n  

determining t h e  magnitude of the  s l o s h  f o r c e s  which a r e  imposed upon t h e  tank. 

I n  aerospace a p p l i c a t i o n s ,  t h e  l i q u i d  f u e l  tanks  a r e  o f t e n  subdivided by 

v e r t i c a l  w a l l s  which i n c r e a s e  t h e  ( h / a )  values  such t h a t  the  s losh ing  mass, 

and thus  t h e  s l o s h  f o r c e  d i s t u r b a n c e ,  i s  reduced. O f  a d d i t i o n a l  importance t o  

the  t r a n s i e n t  cond i t ions  imposed on road t ankers  dur ing braking i s  the  

in f luence  of the  compartment l e n g t h  dimension on the  v e l o c i t y  of f l u i d  impact 

a g a i n s t  the  f r o n t  bulkhead of the  tank. The g r e a t e r  the l eng th  dimension, the  
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F i g u r e  19. In f luence  of t h e  height t o  r a d i u s  r a t i o ,  h/a,  on t h e  
r a t i o  of "s loshing mass", m l  t o  t o t a l  mass, m. [16! 



g r e a t e r  w i l l  be the  v e l o c i t y  of t h e  f l u i d  r e l a t i v e  t o  the  f r o n t  wa l l  a t  the  

time of impact o f ,  s a y ,  a  hydrau l i c  jump wave generated a t  a  low f i l l  l e v e l .  

Of course ,  i t  i s  recognized t h a t  the  primary c o n t r i b u t i o n  which 

compartmentation provides  t o  s l o s h  m i t i g a t i o n  i s  simply the  prospect  t h a t  the  

d e l i v e r y  mission of t h e  veh ic le  can be s a t i s f i e d  wi th  a l l  compartments e i t h e r  

completely f i l l e d  o r  completely emptied. Obviously, the  premise behind the  

s l o s h  mechanism i s  t h a t  the  f l u i d  must be contained i n  an u n d e r f i l l e d  s t a t e  i n  

o rde r  t o  e x h i b i t  s l o s h  motions. One in te rmedia te  approach toward the  

achievement of an  "always f u l l "  cond i t ion  i s  found i n  the  so-called " p o s i t i v e  

expulsion" dev ices  employed i n  va r ious  aerospace app l i ca t ions .  As shown i n  

f i g u r e  20, va r ious  "accumulator"-type devices  have been employed t o  assure  

t h a t  the  bulk f l u i d  i s  c a r r i e d  without s losh ing  and t h a t  i t  i s  dispensed 

through an o u t l e t  wi thout  i n j e s t i o n  of vapor i n  t h e  output  flow. The devices  

have employed bellows,  p i s t o n ,  and bladder types  of expuls ion mechanisms f o r  

d i s p l a c i n g  t h e  l i q u i d  which has been discharged.  No a p p l i c a t i o n s  of t h i s  type 

a r e  known t o  have been made i n  road t ankers  f o r  c o n t r o l l i n g  low v i s c o s i t y  

l i q u i d s  (a l though t h e  author  i s  aware of one t r a i l e r  des ign  i n  which a  gas- 

d r iven  p i s t o n  of fu l l -bore  diameter was employed f o r  d i scharg ing  high 

v i s c o s i t y  l u b r i c a t i n g  g rease  from a  bulk t r a n s p o r t  tank [ 2 6 ] ) .  

D i r e c t l y  l inked  t o  t h e  reduct ion of t h e  r a t i o  of the  s losh ing  and f ixed  

masses i s  the  n a t u r a l  frequency of t h e  s l o s h  motion. Figure 21 has been 

der ived from the  e a r l i e r  f i g u r e  6b, showing the  in f luence  of the  ( h / a )  r a t i o  

on t h e  normalized s losh ing  frequency. Figure 2 1  shows t h a t  lower values  of 

s l o s h  n a t u r a l  frequency d e r i v e  when the  f l u i d  he igh t  approximates,  and f a l l s  

below, t h e  r a d i u s  of t h e  con ta in ing  v e s s e l  (which i s ,  of course ,  a  common case  

f o r  road t ankers ) .  C l e a r l y ,  with road t a n k e r s ,  lower s l o s h  f requenc ies  r a i s e  

the  p o t e n t i a l  f o r  e x c i t a t i o n  of a  l a t e r a l  s l o s h  resonance s i n c e ,  a s  follows 

from t h e  d i s c u s s i o n  i n  s e c t i o n  2.5, reduced values  of s l o s h  n a t u r a l  frequency 

w i l l  more c l o s e l y  approach t h e  common s t e e r  inpu t  f r equenc ies  which d r i v e r s  

employ. Conversely, the  f u r t h e r  subdividing of the  v e s s e l  i n  any road t anker  

f n t o  smal le r  compartments has  the  doubly e f f e c t i v e  r e s u l t  of reducing the  

p o r t i o n  of t h e  mass which i s  s losh ing  and i n c r e a s i n g  the  s l o s h  resonant 

frequency toward t h e  h igher  range of values  i n  which e x c i t a t i o n  i s  l e s s  

probable. 



--  

Partially / 
expelled 
position 

(a) Bellows 

(b) Piston 

Get ullage space' 

(c) Bladder 

Figure 20. Types of pos i t ive  displacement devices. 1 7 1  



"sloshing moss" 

RATIO OF FLUID HEIGHT TO RADIUS, h/a 

F i g u r e  21. Influence of h/a on fundamental slosh frequency. [16] 



The t h i r d  genera l  category of s l o s h  suppress ion techniques involves  the  

i n t r o d u c t i o n  of flow impediments which absorb s l o s h  energy through viscous 

shear ,  Among such countermeasures a r e  b a f f l e s  which c r e a t e  shea r  a s  the  f l u i d  

flows p a s t  a sharp edge o r  along a boundary wall .  For b a f f l e s  t o  be 

e f f e c t i v e ,  they must be placed wi th in  the  con ta ine r  a t  a  p o s i t i o n  which 

r e s u l t s  i n  r e l a t i v e l y  h igh v e l o c i t y  f low pas t  the  ba f f l e .  In  spacecra f t  

des ign f o r  missions i n  which t h e  engine would be shut o f f  and r e s t a r t e d  a t  

s e l e c t e d  p o i n t s  i n  the  f l i g h t ,  f o r  example, ring-type b a f f l e s  a r e  placed 

along t h e  l eng th  of l i q u i d  f u e l  tanks  such t h a t  t h e  f l u i d  l e v e l  p r e v a i l i n g  a t  

each engine shutdown l i e s  j u s t  above a b a f f l e  [ 7 ] .  Thus, t h e  s losh ing  por t ion  

of the  f l u i d  mass becomes immediately involved i n  the  damping a c t i o n  of the  

nearby b a f f l e  a t  those  occasions i n  the  mission f o r  which a l a r g e  d i s tu rbance  

is  expected due t o  shutdown and r e s t a r t  of the  engines.  

The damping a c t i o n  of a g iven b a f f l e  can be increased t o  some degree by 

means of p e r f o r a t i o n  of the  b a f f l e  p l a t e ,  Abramson po in t s  o u t ,  however, t h a t  

one must be cau t ious  t o  note  t h a t  excess ive  p e r f o r a t i o n  of wal ls  which 

otherwise subdivide  the  l i q u i d  load I n t o  compartment-like volumes w i l l  improve 

the  damping l e v e l  a t  the  expense of lowering the  resonant frequency [ 2 7 ] .  For 

tanks  which a r e  p e c u l i a r l y  s u b j e c t  t o  adverse  harmonic inpu t  o r  broadband 

random e x c i t a t i o n s ,  t h e  concern over s l o s h  resonance may outweigh the  b e n e f i t s  

a s soc ia ted  wi th  the  nominal damping l e v e l ,  pe r  se. 

F l e x i b l e  b a f f l e s  have been employed i n  c e r t a i n  spacecra f t  a p p l i c a t i o n s  

and a p o t e n t i a l  l e v e l  of e f f e c t i v e n e s s  which i s  above t h a t  of r i g i d  b a f f l e s  

has  been repor ted  [ 1 6 ] .  It i s  noted,  however, t h a t  tuning of f l e x i b l e  b a f f l e s  

i s  more c r i t i c a l  s i n c e  the  s u p e r i o r  l e v e l  of performance i s  achieved only 

under a r a t h e r  narrow range of f i l l  cond i t ions  [ 2 8 ] .  

Although no l i t e r a t u r e  was uncovered t o  speak t o  the  concept of damping 

s l o s h  motions by means of a metal mesh introduced wi th in  the  tank volume, i t  

i s  known t h a t  such developments have been appl ied  f o r  both s l o s h  prevent ion 

and flame a r r e s t i n g  i n  the  wing tanks  of f i g h t e r  a i r c r a f t .  The f e a s i b i l i t y  of 

such concepts f o r  incorpora t ion  i n  road t ankers  appears t o  be quest ionable  f o r  

many a p p l i c a t i o n s ,  however, because of the  r e l a t i v e l y  high percentage of the  

f l u i d  which adheres  t o  t h e  mesh fol lowing discharge  of t h e  product ,  a s  a 

r e s u l t  of c a p i l l a r i t y  and s u r f a c e  tens ion.  Since many road t ankers  a r e  



employed i n  t ransport ing d i f f e r ing  l i qu ids  (such as the various grades of 

motor f u e l ,  f o r  example), the retent ion of subs tan t ia l  percentages of a given 

product poses the problem of contamination with the next load of a d i f f e r en t  

product. 

The c l a s s i c  pr inc ip les  of s losh mit igat ion,  v ia  reduction i n  sloshing 

mass, e levat ion of resonant frequency, and damping of f l u id  flow energy a r e  

i l l u s t r a t e d  i n  f igure  22 from measurements obtained i n  Strandberg's model 

experiments [ l o ] .  The f igure  shows normalized s ide  force l eve l s  (Strandberg's 

"side force coef f ic ien t" )  developed as  the tank i s  excited harmonically a t  a 

peak l a t e r a l  accelerat ion value of 0.2 g. The plotted measure shows the 

extent  t o  which s losh  dynamics have amplified o r  attenuated the s ide  forces  

which must be generated by the t i r e s  i n  order t o  sus ta in  t h i s  maneuver a t  0.2 

g peak l a t e r a l  accelerat ion.  (Also, i t  should be noted tha t  the measure 

incorporates the v e r t i c a l  component of f l u id  force react ion on the tank which 

modifies the instantaneous v e r t i c a l  load tha t  the vehicle i s  imposing upon i t s  

t i r e s .  ) 

The f igure  presents data f o r  the case of an e l l i p t i ca l - sec t ion  tank 

which i s  loaded t o  50 percent capacity. The tank configurations include ( A )  a 

cleanbore vesse l ,  (B) a vessel  having l a t e r a l ,  horizontal  baf f le  p l a t e s  which 

extend equally from both s ides ,  each of which covers 26 percent of the major 

axis  of the e l l i p s e ,  (C) a vessel  which is  bisected by a v e r t i c a l  compartment 

wal l ,  and ( D )  a vessel having three v e r t i c a l  p a r t i t i o n s  which divide the major 

ax i s  of ' t h e  e l l l p s e  i n t o  four  approximately equal lengths. We see tha t  the 

cleanbore tank exhib i t s  a times-two magnification of the s ide  force leve ls  

over tha t  of the r ig id  load, with resonance occurring a t  approximately 0.5 Hz. 

Case ( C ) ,  which involves the simple d iv is ion  of the tank i n t o  two side-by-side 

compartments, exhib i t s  almost i den t i ca l  behavior, except tha t  the resonant 

frequency i s  increased subs tan t ia l ly .  In  t h i s  case,  the introduct ion of the 

v e r t i c a l  wall i n  the center  of the tank has apparently increased the a b i l i t y  

of the sloshing l iqu id  t o  produce l a t e r a l  react ion forces ,  thereby o f f se t t i ng  

the expected benef i t  deriving from the reduced f r ac t ion  of the l iqu id  included 

as the "sloshing mass" (see f igure  19). Case (D), with four separate  

compartments s ide  by s ide ,  shows the wholesale reduction i n  s losh force 

response which occurs when the resonant frequency has been markedly increased, 

and the e f f ec t ive  "sloshing mass1' g rea t ly  reduced as  a r e su l t  of the large 
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EXCITATION FREQUENCY (Hz) 

F i g u r e  22. The in f luence  of b a f f l e  and compartment concepts on 
t h e  normalized s i d e  f o r c e  l e v e l s  of f l u i d  s losh ing  
i n  a 50%-f i l l e d  e l l i p t i c  tank.  [ l o ]  



va lues  of (h /a ) .  The s p l i t  h o r i z o n t a l  b a f f l e  arrangement i n  case  (B) i s  seen 

t o  provide f o r  q u i t e  e f f e c t i v e  damping i n  t h i s  h a l f - f u l l  cond i t ion ,  whi le  a l s o  

r e s u l t i n g  i n  a modest i n c r e a s e  i n  the  resonant frequency,  r e l a t i v e  t o  the  

c leanbore  case.  

Strandberg p resen t s  o t h e r  r e s u l t s  from h i s  experiments which e s t a b l i s h  

t h a t  the  above cases  involving va r ious  b a f f l e  and p a r t i t i o n  i n s t a l l a t i o n s  show 

somewhat d i f f e r i n g  r e l a t i v e  improvements over  the  cleanbore case  when the  

f l u i d  l e v e l  and e x c i t a t i o n  amplitude a r e  var ied .  For example, the  s p l i t  

h o r i z o n t a l  b a f f l e  arrangement, case  ( B ) ,  becomes l e s s  advantageous when the  

tank i s  loaded t o  the  75-percent-full l e v e l  s i n c e  the  b a f f l e  becomes submerged 

t o  a depth  a t  which t h e  f l u i d  i s  i n  a nea r ly  qu iescen t  s t a t e .  Conversely, t h e  

b i s e c t i n g  p a r t i t i o n  arrangement,  case  (C) , y i e l d s  a g r e a t e r  advantage r e l a t i v e  

t o  the  cleanbore case  i n  t h e  75-percent-full  condition--presumably because the  

smal l  su r face  a r e a  pe r  compartment renders  a s u b s t a n t i a l l y  reduced "s loshing 

mass. " 

I n  t h e  non l inea r  ana lyses  conducted by Su [13], t h e  complex i n t e r a c t i o n s  

between s losh ing  f l u i d  and p a r t i a l  b a f f l e  p l a t e s  were examined i n  some d e t a i l .  

I n  the  next  s e r i e s  of f i g u r e s ,  examples of these  computed flow responses w i l l  

be d i scussed ,  f o r  uniform condf t ions  of a 50-percent-full r ec tangu la r  tank 

r o l l i n g  harmonically about t h e  c e n t e r  of the  tank bottom. The half-amplitude 

of r o l l  motion i s  8 degrees  and the  e x c i t a t i o n  frequency i s  84 percent  of t h e  

l i n e a r  n a t u r a l  s l o s h  frequency f o r  t h i s  mode of e x c i t a t i o n .  Shown i n  f i g u r e  

23 i s  a s e t  of "snapshots" of the  flow f i e l d  a f t e r  approximately 2 c y c l e s  of 

e x c i t a t i o n ,  showing the  maximum amplitude displacement a s  we l l  a s  in te rmedia te  

por t ions  of a cycle.  Note i n  the  i l l u s t r a t i o n  i n  the  upper l e f t  of the  

f i g u r e ,  t h a t  the  f low v e l o c i t y  v e c t o r s  e x h i b i t  the  g r e a t e s t  l eng th  (h ighes t  

v e l o c i t y )  near  the  su r face  of the  l i q u i d ,  r evea l ing  t h a t  the  "s loshing mass" 

i s  comprised pr imar ly  of t h e  top 30 pe rcen t ,  o r  s o ,  of the  f l u i d  volume. 

C l e a r l y ,  b a f f l e s  which a r e  placed t o  d i s t u r b  t h i s  p o r t i o n  of the  f low f i e l d  

w i l l  be most e f f e c t i v e .  

Figure 24 shows the  f low f i e l d ,  a t  the  same t h r e e  p o i n t s  i n  the  

e x c i t a t i o n  sequence, f o r  the  case  of a v e r t i c a l  b a f f l e  which extends t o  j u s t  

below t h e  su r face  of t h e  a t - r e s t  f l u i d .  The i l l u s t r a t i o n  a t  upper l e f t  

i n d i c a t e s  t h a t  a r a t h e r  concentra ted  l a y e r  of f l u i d  flows over the top of the  

b a f f l e  a t  a r e l a t i v e l y  h igh v e l o c i t y .  The maximum r e d i s t r i b u t i o n  of the  f l u i d  



F i g u r e  23. Flow f i e l d  - no ba f f l e s .  [13] 



Figure  2 4 .  Flow f ie ld  - ver t i ca l ,  pa r t i a l  ba f f l e .  [13] 



mass a t  the  peak of the  s l o s h  wave, i n  upper r i g h t ,  y i e l d s  a  much more 

balanced f l u i d  load than i n  t h e  unbaff led  case. Note t h a t  i n  none of the  

t h r e e  samples of the  f low f i e l d  a r e  s i g n i f i c a n t  f low v e l o c i t i e s  observed below 

the top edge of t h e  b a f f l e  p l a t e ,  i n d i c a t i n g  t h a t  a  l a r g e  por t ion  of the  f l u i d  

volume i s  maintained i n  a  v i r t u a l l y  s t a t i c  s t a t e .  Su a l s o  repor ted  t h a t  the  

ind ica ted  responses i n  another  case  were v i r t u a l l y  unaffected by a  100-fold 

i n c r e a s e  i n  the  f l u i d  v i s c o s i t y ,  notwi ths tanding the  increased shear  a c t i v i t y  

over t h e  top of t h e  b a f f l e .  

I n  f i g u r e  25, a  h o r i z o n t a l  b a f f l e  i s  represen ted ,  wi th  i t s  upper s u r f a c e  

a t  the  same e l e v a t i o n  with respec t  t o  the  su r face  of the  a t - r e s t  f l u i d  a s  

considered wi th  t h e  preceding v e r t i c a l  b a f f l e .  We see  t h a t  the  flow over the  

h o r i z o n t a l  b a f f l e  e x h i b i t s  the  so-called "shallow water" e f f e c t s  which a r e  

charac te r i zed  by hydrau l i c  jumps, wave overtopping,  and a i r  entrainment.  

These more v i o l e n t  types  of wave a c t i o n  a r e  e f f e c t i v e  f o r  d i s s i p a t i n g  flow 

energy such t h a t  the  o v e r a l l  r e d i s t r i b u t i o n s  of t h e  f l u i d  mass a r e  reduced 

s u b s t a n t i a l l y  r e l a t i v e  t o  t h e  unbaff led  case.  I t  i s  apparen t ,  however, t h a t  

s u b s t a n t i a l  f low v e l o c i t i e s  a r e  observed below the  l e v e l  of the  b a f f l e  s i n c e  

the  h o r i z o n t a l  p l a t e  does se rve  t o  d i r e c t  some of t h e  f low i n t o  t h a t  area .  

In  f i g u r e  26,  a  T-shaped b a f f l e  i s  represen ted ,  se rv ing  t o  e l imina te  a l l  

flow below t h e  h o r i z o n t a l  element and concen t ra t ing  a l l  of the  major s l o s h  

f low a t  shal low depths  a c r o s s  t h e  h o r i z o n t a l  p l a t e .  Again, we see  t h a t  a  

hydrau l i c  jump i s  formed, a t  upper l e f t ,  and the  o v e r a l l  r e d i s t r i b u t i o n  of the  

f l u i d  mass due t o  s l o s h  i s  minimized. 

While i t  i s  apparent  t h a t  t h e  t h r e e  simple b a f f l e  s e c t i o n s  considered 

above a r e  e f f e c t i v e  i n  m i t i g a t i n g  t h e  e f f e c t s  of s l o s h ,  i t  should be c l e a r  

t h a t  the  l e v e l  of e f f e c t i v e n e s s  of such p a r t i a l  b a f f l e s  i s  heav i ly  dependent 

upon the  r e l a t i o n s h i p  between the  tank f i l l  l e v e l  and the  l e v e l  of the  upper 

ext remity  of t h e  b a f f l e .  Fur the r ,  s i n c e  t h e  f l u i d  motions a r e  complex, no 

s i m p l i f i e d  schemes f o r  p r e d i c t i n g  the  e f f e c t i v e n e s s  of such b a f f l e  des igns  a r e  

a v a i l a b l e .  

As a  f i n a l  example of Su's  non l inea r  ana lyses  app l i ed  t o  l o n g i t u d i n a l  

s l o s h  i n  a  tank having m u l t i p l e ,  pa r t i a l -he igh t  b a f f l e  p l a t e s ,  f i g u r e  27 shows 

the  f low fol lowing a  s t e p  inpu t  of l o n g i t u d i n a l  a c c e l e r a t i o n  equal  t o  0.25 



F i g u r e  25. Flow f i e l d  - p a r t i a l  h o r i z o n t a l  b a f f l e .  [13] 



Figure 26. Flow f i e l d  - tee  b a f f l e .  [13] 



Z E 3 U  F I E L D  
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Figure 27. Longi tudinal  s losh ing  i n  a tank with  V 2  b a f f l e  - 
d=2 f t ,  a=8.05 f t / s 2  
(a)  t10.0  sec  (b)  t10.41 s e c  (c)  t-0.71 sec  
( d )  tz0.80 sec  [13] 



g's. The multiple baffle elements serve to maintain a reasonable distribution 

of fluid load along the tank despite strong flow toward the top of the 

baffles. 



3.0 REGULATIONS PERTAINING TO THE DESIGN AND OPERATION OF BULK LIQUID TANKS 

Various regulations have been identified within the U . S .  and other 

countries which speak either directly or indirectly to the issue of the design 

or operations of tankers for transporting liquids in bulk. These regulations 

have been reviewed with the intention of focusing upon the tank design 

features which might influence the occurrence or severity of liquid slosh 

conditions. Although existing regulations, in general, include only a few 

cases in which slosh-mitigating features are required, the discussion 

presented below addresses the sum of the known laws which speak even 

tangentially to tank configuration. 

Regulations imposed by foreign countries were reviewed based upon 

responses to an inquiry letter which was sent to 83 foreign organizations and 

regulatory bodies. The inquiry letter asked for citations of all regulations 

or industry standards addressing the problem of sloshing of liquid load in 

tankers. The presented review of this material includes a summary of the 

responses received from each country. 

3.1 U.S. Regulations 

It is only for liquids defined as hazardous that the United States 

Department of Transportation imposes mandatory standards which affect the 

construction of tank trucks hauling these liquids. The relevant regulations 

are contained in the Code of Federal Regulations, Title 49--Transportation, 

Chapter 1-Research and Speciai Programs Administration, Subchapter C-- 

Hazardous Materials Regulations, Part 178--Shipping Container Specifications, 

Subpart J--Specifications for Containers for Motor Vehicle Transportation. 

Sections 178.341, 178.342, and 178.343 provide construction requirements 

regarding material thickness, closures for fill openings and manholes, vents, 

emergency flow control, and gauging devices for cargo tank specifications MC 

306, MC 307, and MC 312, respectively. 



MC 306 applies to cargo tanks designed to carry nonpressurized flammable 

liquids, such as gasoline and fuel oil. 

MC 307 applies to cargo tanks designed to carry flammable liquids under 

low pressure, such as plastic resins and certain chemical solvents. Such 

tanks must have a design pressure of at least 25 psig and must be circular in 

shape. 

MC 312 applies to cargo tanks designed to carry corrosive liquids, such 

as acids and caustics. 

In addition, Section 178.340 provides some construction requirements 

which apply to all three cargo tank specifications. These cover quality of 

materials, structural integrity, joints, supports and anchoring, 

circumferential reinforcement, and accident damage protection. Section 

178.340-7 on Circumferential Reinforcement contains the following provisions 

relevant to reducing liquid slosh in these cargo tanks. 

(a) Tanks with shell thicknesses less than three eighths of an inch 

shall in addition to the tank heads be circumferentially 

reinforced with either bulkheads, baffles, or ring stiffeners. It 

is permissible to use any combination of the aforementioned 

reinforcements in a single cargo tank. 

(1) Location. Such reinforcement shall be located in such a manner 

that the maximum unreinforced portion of the shell be ... in no 
case more than 60 inches. 

(b) Baffles: Baffles or baffle attachment rings if used as 

reinforcement members shall be circumferentially welded to the 

tank shell. The welding must not be less than 50 percent of the 

total circumference of the vessel and maximum unwelded space on 

this joint shall not exceed 40 times the shell thickness. 

Also, material thickness tables in Specifications MC 306, MC 307, and MC 

312 permit thinner tank walls when the distance between bulkheads, baffles, or 

ring stiffeners is 36-54 in, and even thinner walls when the distance is under 

36 in. While reducing liquid slosh is not mentioned as a purpose, these 



federal regulations provide encouragement for cargo tank manufacturers to 

install reinforcing internal bulkheads or baffles at least every 60 inches in 

a cargo tank, although external ring stiffeners are also a legitimate 

alternative. 

Sections 178.337 and 178.338 provide construction specifications for two 

other types of cargo tanks. Specification MC 331 covers cargo tanks 

constructed of steel, primarily for transportation of compressed gases, such 

as chlorine, liquif ied petroleum gas (LPG), ammonia, carbon dioxide, etc. 

These tanks must be seamless or welded steel construction or combination of 

both and have a design pressure between 100 and 500 psig. They must be 

designed and constructed in accordance with and fulfill the requirements of 

the American Society of Mechanical Engineers Boiler and Pressure Vessel Code 

(ASME Code). 

Specification MC 338 covers insulated cargo tanks intended for carrying 

cryogenic liquids at temperatures below -130F, such as liquified oxygen, 

hydrogen, argon, and helium. The design pressure of the tank must be at least 

25 psig, but not more than 500 psig. These tanks also must be designed and 

constructed to meet the requirements of the ASME Code. 

In addition, Section 178.342-1 (b) requires that Specification MC 307 

cargo tanks with a working pressure in excess of 50 psig must be designed in 

accordance with the requirements of the ASME Code. Similarly, Section 

178.343-1(b) requires that cargo tanks built under Specification MC 312 that 

are unloaded by pressure in excess of 15 psig be designed and constructed in 

accordance with and fulfill all the requirements of the ASME Code. 

The ASME Boiler and Pressure Vessel Code is an extensive and frequently 

amended document contained in 24 loose-leaf binders. Section VIII, Division 

1, contains the Rules for Construction of Pressure Vessels. These are in 

three subsections: General Requirements, Requirements Pertaining to Methods 

of Fabrication, and Requirements Pertaining to Classes of Materials. Under 

General Reqluirements, UG-27 covers Thickness of Shells Under Internal 

Pressure. Provisions (c) and (d) provide formulas for determining minimum 

thicknesses for cylindrical and spherical shells, respectively, using inside 



radius, design pressure, maximum allowable stress value for material, and 

joint efficiency. Provision (e) states: 

When necessary, vessels shall be provided with stiffeners or other means 

of support to prevent overstress or large distortions... 

However, the only other provision possibly relevant to internal baffling 

is UG-47 covering Braced and Stayed Surfaces. It provides a formula for the 

minimum thickness of braced and stayed flat plates which takes into account 

design pressure, maximum allowable stress for the material, and maximum pitch 

which seems to mean the maximum distance between stays. The shorter the 

pitch, the smaller the permitted thickness. 

Thus, the ASME Code does not specify any minimum placement for 

reinforcing bulkheads or baffles in these pressurized tanks, but it does seem 

to encourage such placement. On the other hand, one provision of 

Specification MC 338 seems to discourage the placement of internal baffles in 

insulated cargo tanks. Section 178.338-1 (c) (3) states: 

Design and construction details of the tank interior may not allow 

collection and retention of cleaning materials or contaminants. To preclude 

the entrapment of foreign material, the design and construction of the tank 

must allow washing of all interior surfaces by the normal surging of the 

lading during transportation. 

There are apparently no federal or industry standards for the structural 

characteristics of milk tankers. However, the United States Food and Drug 

Administration model Grade A Pasteurized Milk Ordinance contains the following 

relevant provision. 

ITEM lip. CONSTRUCTION AND REPAIR OF CONTAINERS AND EQUIPMENT. All 

multiuse containers and equipment with which milk or milk products come into 

contact shall be of smooth, impervious, corrosion-resistant, nontoxic 

material; shall be constructed for ease of cleaning; and shall be kept in good 

repair. 



The Michigan Department of Agriculture Regulation No. 407 on Milk 

Manufacture supplements the above federal standards with the following 

relevant provisions : 

R 285.407.3 Cleaning and sanitizing pickup trucks and milk transport 

tanks. Rule 3 (1) The owner or lessee of a pickup tank or over-the-road milk 

transport tank, or the agent of such owner or lessee, shall be responsible for 

maintaining tank and milk contact surfaces clean and in good repair. Milk and 

milk products shall not be placed in such tanks unless the tanks have been 

properly cleaned and sanitized. 

( 2 )  Suitable facilities for cleaning and sanitizing pickup tanks and 

over-the-road transport tanks shall be provided, and the washing and 

sanitizing of the tanks shall be carried out by the receiving milk plant, 

transfer station, or receiving station, unless other mutual agreements, 

approved by the department, are made to have the tanks washed and sanitized. 

The owner, lessee, or the agent of the owner or lessee shall be responsible 

for cleaning the hose, pump, and valves. After the cleaning and sanitizing 

operation is completed, a suitable record shall be made showing who did the 

work, the date, and the location of the operation. The owner, lessee, or the 

agent of the owner or lessee, after inspection of the tank, shall indicate on 

the record that the tank has been cleaned to that person's satisfaction. A 

copy of this record shall be kept with the vehicle until it is washed and 

sanitized again. 

(6) A pickup tank or an over-the-road milk transport tank may be used 

to haul potable water, or other wholesome liquid food products, if the milk 

contact surfaces are properly cleaned and sanitized prior to picking up the 

milk. 

Milk tank manufacturers have used the requirements for frequent and easy 

cleaning-in-place as a reason for not compartmentalizing or baffling milk 

tankers. 

In transporting water, most fire-fighting equipment conforms to Section 

1901 of the National Fire Protection Association's National Fire Codes (Vol. 

12). Under Tank Construction, this includes the following provisions: 



6-1.1.3 The water tank shall be provided with at least one swash 

partition. Any water tank shall have a sufficient number of swash partitions 

so that the maximum dimensions of any spaces in the tank, either transverse or 

longitudinal, shall not exceed 46 in. and shall not be less than 23 in. 

6-1.1.4 When an elliptical tank is furnished, swash partitions may be 

waived if so specified by the purchaser in Special Provisions, 

6-1.1.5 Swash partitions shall have suitable vents or openings at both 

top and bottom to permit movement of air and water between spaces as required 

to meet the flow requirements as specified in 6-1.2.3 of this Standard. 

The NFPA requirement for "swash partitions'' at least every 46 inches 

along the transverse and longitudinal dimensions of the rank constitutes the 

most demanding anti-slosh provision found in any government or industry code. 

Foreign Regulations 

In order to ascertain if any regulations or standards are currently in 

force which address the problem of liquid-load shifting, 83 letters requesting 

the identification of such regulations or standards were sent to some 31 

countries. The agencies within the countries contacted were typically the 

ministry of transport, road and safety research facilities, standards 

associations, and national petroleum and energy institutes. 

A total of 31 responses were received. Of these responses, agencies in 

Japan, Canada, Great Britain, Israel, Germany, New Zealand, and South Africa 

all state that there are no regulations which specifically deal with 

alleviating liquid-load shifting, or tanker-loading requirements. 

Most responding agencies cited their standard or regulation which they 

felt most closely addressed liquid-load shifting problems. The following 

represent any quoted portions from each agency's response and the identity of 

the cited regulation or standard. 



AUSTRALIA 

Australian Road Research Board - The Research Board referred to 
Australian Standard 2016-1977 "Road Tank Vehicles for Flammable Liquids" which 

will be discussed below* It was noted that these standards do not have any 

legal standing unless or until adopted in State legislation and thus are not 

mandatory. 

Standards Association of Australia - The Standards Association referred 
to the Draft Standard Number 84083 issued in April 1984. Part 4, Tankers for 

Toxic and Corrosive Cargoes, was cited as containing a small section on 

rollover protection, Clause 3.3.10. The draft itself was not forwarded and it 

was stressed that the provisions in this regard were only tentatively 

proposed. 

Australian Institute of Petroleum Ltd. - As did the Australian Road 
Research Board, the Institute of Petroleum referred to Australian Standard 

Number 2016. The AIP response further points out that Phase 111 of the 

Australian Road Research Board study entitled "Lateral Dynamic Performance of 

Articulated Vehicles" will address liquid movement problems late this year. 

The Institute also noted that they are anxious to hear of further information 

on the sloshing effects of liquids in vehicles, particularly in relation to 

LPG tankers. 

Australtan Department of Transport - The Department of Transport 
coordinated a mailing to the States and Territories in Australia to determine 

which regulations and standards they adhere to. As explained by the Transport 

Department, the States and Territories have their own regulations and have the 

responsibility for administering them. However, the "Australian Code for the 

Transport of Dangerous Goods by Road and Rail" has been published as a basis 

for the States and Territories to establish uniform national legislation for 

the safe transport of dangerous goods. This Code has been adopted by several 

Australian States and Australian Capital Territories, with remaining States 

and the Northern Territory expected to implement the Code by early 1985. 

Also included in the response from the Transport Department was an 

updated copy of the Australian Standard 2016-1982 "Road Tank Vehicles for 



Flammable Liquids." Selected sections concerning tank construction are 

outlined below. 

Section 2 - 2.1.2 Stability. "The height of the centroid of the tank 

cross-section at tank half-length shall fall within an isosceles triangle 

having a base length at ground level equal to the overall width between the 

outside walls of the outside tyres of the major load axle or axles, and base 

angles not exceeding 62 degrees for a semitrailer tank or 64 degrees for a 

rigid tank. Where the cross-section of the tank varies along the tank length, 

the height requirement shall apply to the centroid of the mean cross-section 

over the length of the tank." (For a semitrailer tanker having a 96-inch 

width dimension across the tires, this requirement provides that the tank 

center be no more than 90.3 inches high-an elevation which is approximately 6 

inches above that of the typical gasoline tankers in the U.S. and 

approximately 8 inches below that of, say, an LPG tanker.) 

Section 3 - 3.2.2 Tank Shape. "A large compartment tank shall be 

circular in cross-section. A small compartment tank may be any shape." 

Section 3 - 3.2.3 Stiffening of Heads, Bulkheads, and Baffles. "Unless 

a proven equivalent form of stiffening is provided, the following requirements 

shall apply: 

(a) Heads and bulkheads for large-compartment tanks shall be dished to a 

depth, exclusive of the flange, of not less than 250 mm, with a knuckle radius 

of not less than 50 mm. 

(b) Heads and bulkheads for small-compartment tanks shall be dished to a 

depth, exclusive of the flange, of not less than 80 mm per meter of depth of 

the minor axis of the tank cross-section, but in any case not less than 100 

mm. " 

Sectlon 3 - 3.2.4 Circumferential Reinforcement. "The tank shall be 

reinforced circumferentially by stiffeners, bulkheads, or baffles (or in any 

combination) in accordance with the following requirements: 

(a) Reinforcements shall be located so that the maximum unreinforced 

length shall not exceed that specified for the particular shell thickness...," 



(b) The reinforcements shall be located within 25 mm of points where the 

longitudinal alignment of shell sheets changes direction by more than 10 

degrees, unless otherwise reinforced sufficiently to keep stresses within the 

specified limits," 

What follows is a brief summary of the information received by the 

Transport Department from various agencies throughout the country. 

Department of Transport and Works, Northern Territory of Australia - 
This agency stated that they were adopting the National Code which in turn 

refers to Australian Standards 2016 "Road Tank Vehicles for Flammable Liquids" 

and 2090 "Uninsulated Road Tank Vehicles for Compressed Liquified Gases." 

Transport Department, Tasmania - The only relevant national standard 
this agency was aware of was the Australian Standard 2016, 

Main Roads Department, Queensland - The Main Roads Department reported 
that their discussions with the Queensland Transport Department indicate that 

the Australian Code for the Transport of Dangerous Goods by Road and Rail will 

be enforced in the future and particularly mentions Code Standards AS2016 and 

AS2090. The Main Roads Department also refers to the Inspection of Machinery 

of the Machinery Inspection and Safety Regulations. Regulation 25 entitled 

Motor Vehicle Containers for Transport of Flammable Liquids section 4, part 

(3) states: 

"A tank compartment exceeding ninety inches (90") in length shall be 

baffled or otherwise reinforced and the maximum distance between any such 

reinforcement or between any such reinforcement and the end of a tank 

compartment shall not exceed sixty inches (60") .I' 

Division of Road Safety and Motor Transport, Kilkenny - As did several 
other agencies, the Division of Road Safety referred to the Australian 

Standards and the Australian Code for the Transport of Dangerous Goods by Road 

and Rail. Also included in their response is the mention of The Boiler and 

Pressure Vessels Act, specifically AS 1210-1982 "Pressure Vessels Code." 

However, selected portions or the actual document were not forwarded. 



Dangerous Goods Branch, New South Wales - The Agency repor t s  tha t  the 

Australian Code fo r  the Transport of Dangerous Goods, 1975, appl ies  i n  New 

South Wales. Also noted i s  the Australian Code fo r  the Transport of Dangerous 

Goods by Road and Rai l ,  and sec t ion  AS 2016. 

No spec i a l  requirements e x i s t ,  however, f o r  other  l iqu id  cargo such as  

milk. The Dangerous Goods Branch included i n  t h e i r  response a copy of the 

Draft Australian Standard f o r  Comment No. 84080 April 1984, which rev ises  the 

Standard e n t i t l e d  Road Tank Vehicles f o r  Dangerous Goods 1982, Par t  1-General 

Requirements sec t ions  2016 and 2090, The revis ions pr imari ly  address vehicle  

s t a b i l i t y ,  i n  terms of the "angle of s t a b i l i t y , "  62 versus 64 degrees, which 

w i l l  apply i n  d i f f e r i n g  kinds of service.  

Department of T e r r i t o r i e s  and Local Government, Canberra - As did the 

Dangerous Goods Branch, the Department of T e r r i t o r i e s  and Local Government 

repor t s  t ha t  the Australian Capital  Ter r i to ry  prescr ibes  t o  the Dangerous 

Goods Ordinance 1984, Also noted i s  t h a t ,  subject  t o  c e r t a i n  modifications a s  

s e t  out i n  Schedule 2 of the Ordinance, the Dangerous Goods Regulation 1978 of 

New South Wales appl ies  a l s o  i n  the Australian Capital  Terr i tory.  

GREAT BRITAIN 

Department of Transport - "Conveyance by Road i n  Road Tankers and Tank 

Containers Regulations 1981." Section 1059 item 6 s t a t e s  t ha t  "tank 

containers  should be properly designed, of adequate s t rength  and of good 

construct ion from sound and su i t ab l e  materials." Codes of Prac t ice  which 

provide more spec i f i c  tanker construct ion guidance a re  i n  the process of 

formulation and i t  is  l i k e l y  tha t  they w i l l  contain requirements on vehicle 

s t a b i l i t y ,  tank mounting, allowable s t r e s s ,  and baff les .  

The Department a l s o  included the Health and Safety Commission Code of 

Prac t ice  recommending tha t  "drivers should have a general knowledge and 

understanding of the design and construct ion c h a r a c t e r i s t i c s  of t h e i r  tanker ,  

with spec ia l  reference t o  the e f f e c t s  of surge of bulk l iqu id  loads i n  both 

s ingle-  and multi-compartment tanks on the handling of the vehicles  during 

acce lera t ion ,  cornering and braking." 



The Deparptment of Transport a l so  repor t s  Great Br i t a in ' s  membership i n  

the European ADR agreement and tha t  i t  is  a "competent authority" f o r  issuing 

the approval of c e r t i f i c a t e s  f o r  tank vehicles  engaged i n  ADR journeys. 

Forwarded were ADR-TV1 and ADR-TC1 forms e n t i t l e d  "Explanatory Guide fo r  

Manufacturers and Users of Fixed Tanks and Demountable Tanks and Bat te r ies  of 

Receptacles f o r  the Carriage of Dangerous Goods i n  Accordance with the 

Provisions of the European Agreement Concerning the Carriage of Dangerous 

Goods by Road (ADR)" and "Explanatory Guide f o r  Manufacturers and Users of 

Tank Containers for  the In te rna t iona l  Carriage of Dangerous Goods under RID 

and ADR, I t  respectively. 

These ADR sect ions address the s t rength  t e s t i ng ,  s h e l l  thickness,  tank 

compression l i m i t s ,  and agencies approved t o  inspect  tank vehicles. These 

documents do not address i n t e rna l  tank construction loading requirements or 

any means which concern mit igat ion of problems involving the sloshing of 

l iqu id  loads. However, document ADR-TC1 notes t ha t  the regulat ions concerning 

the use, construct ion,  and t e s t i ng  of tank contatners of a capacity of more 
3 than 0.45m f o r  the t ransportat ion of l i qu id ,  gaseous, powdery, or  granular 

substances a r e  contained i n  Appendix B.l(b) of the ADR regulations.  The ADR 

Purpose, Scope and General Procedures were a l so  forwarded. This document 

includes sec t ions  on the Approval of Vehicles by the ADR regulat ions,  Driver 

Training requirements t o  receive ADR approval, and the Approval of Fixed 

Tanks, Demountable Tanks and Bat te r ies  of Receptacles. 

Health and Safety Executive - The response from the Health and Safety 

Executive Office s t a t ed  tha t  there a r e  cur ren t ly  no regulat ions i n  existence 

i n  Great Br i ta in  which deal  with l iqu id  cargo tank design or loading 

requirements. This Office a l s o  mentions the d r a f t  Code of Pract ice which w i l l  

l i k e l y  include reference t o  the center  of gravi ty of tank vehicles.  This Code 

of Prac t ice  i s  a s  yet not avai lable .  

Department of Industry, National Engineering Laboratory - The National 

Engineering Laboratory reported tha t  t h e i r  experience i s  l imited t o  

pressurized tanks f o r  conveying l iqu id  gas. The response i d e n t i f i e s  par t  BS 

5045: Part  4 of the d r a f t  standard e n t i t l e d  "Specification f o r  Transportable 

Gas Containers." This sec t ion ,  current ly i n  preparation, w i l l  cover some of 

the aspects  of s t r e s s  encountered during accelerat ion i n  three direct ions.  



However, the  eva lua t ion  of t h e s e  s t r e s s e s  i s  r e s t r i c t e d  t o  those  imposed on 

the  v e s s e l  and support  s t r u c t u r e s  only. 

SWEDEN 

The Swedish Road Safe ty  Of f i ce  - National  Regulation No. 10-01-09-01. 

This r e g u l a t i o n  w i l l  be enforced on October 1 ,  1985, but  w i l l  not  apply t o  

t anker  v e h i c l e s  which were inspected before  t h a t  date .  The new regu la t ion  was 

u n o f f i c i a l l y  t r a n s l a t e d  a s  s t a t i n g :  

"The volume of the  tank s h a l l  be i n  correspondence with the  maximum load 

permit ted  f o r  the  vehic le .  The weight of the  load ,  wi th  the  t a n k ( s )  f i l l e d ,  

must not  exceed the  maximum load by more than 10%. Undivided tanks  o r  

c i s t e r n s ,  the  l e n g t h  of which exceeds 2 meters and which i s  designed f o r  

ca r ry ing  l i q u i d s ,  must be f i t t e d  with one o r  more t r a n s v e r s a l  wa l l s  prevent ing 

the  l i q u i d  from sp lash ing  when the  v e h i c l e  i s  moving ( s p l a s h  wa l l ) .  These 

w a l l s  a r e  t o  be f i t t e d  in-  such a number t h a t  the  d ivided space does not  exceed 

1.5 meters.  Such w a l l s  must each have a su r face  of a t  l e a s t  80% of the  cross-  

s e c t i o n a l  a r e a  of the  tank. However, such d i v i d i n g  wa l l s  a r e  not  required i f  

the  t ank ,  o r  e q u i v a l e n t ,  i s  designed s o l e l y  t o  be used wi th  a f u l l  tank o r  a 

completely empty tank,  and a l s o  provided t h a t  i t  c a r r i e s  a s i g n  t o  t h i s  

e f f e c t .  

Tanker v e h i c l e s  f t t t e d  out  f o r  t h e  t r a n s p o r t a t i o n  of inflammable o i l s  

belonging t o  Class  1 ( p e t r o l  e t c . )  s h a l l  be ca lcu la ted  wi th  a s p e c i f i c  weight 

of 0.72, and f o r  the  t r a n s p o r t a t i o n  of inflammable 011s of C lass  3 (engine 

o i l s  and f u e l  o i l s )  wi th  0.85. 

In  o rde r  f o r  a t anker  v e h i c l e  t o  be considered a s  being f i t t e d  out  f o r  

the t r a n s p o r t a t i o n  of inflammable o i l s  of Class  1 ,  i t  s h a l l  be const ructed 

according t o  the  r e l e v a n t  i n s t r u c t i o n s  from the  Inspec to r s  of Explosive." 

Swedish Nat ional  Socie ty  f o r  Road Safe ty  - The Socie ty  responded a s  d i d  

t h e  Road Safe ty  Of f i ce  wi th  a t r a n s l a t e d  excerpt  of Regulation 10-01-09-01. 



The I s r a e l  National Council fo r  the Prevention of Accidents was the 

o r ig ina l  contact i n  I s r ae l .  This agency forwarded the study request to  the 

Ministry of Transport who responded a s  follows. 

Ministry of Transport,  Department of Vehicles and Maintenance Services - 
I s r a e l i  Standard No. 922, Section 205.2, Baffles. "Every tank or  a c e l l  

thereof ,  the length of which exceeds 2.25 m (7'5") s h a l l  incorporate baff les .  

The baf f les  may be of any form, including f l a t .  The ba f f l e s  s h a l l  be mounted 

across  the tank or  c e l l  ( i n  t h e i r  l a t e r a l  d i rec t ion) .  The shape of the 

ba f f l e s  s h a l l  enable complete c e l l  drainage by gravi ty.  Each baf f le  sha l l  be 

accessible  from both sides.  The longi tudinal  dis tance between adjacent 

ba f f l e s ,  or between a baf f le  and an adjacent head, o r  between a baf f le  and an 

adjacent bulkhead s h a l l  not exceed 1.5 m (5 '  ). The projected plan area of 

each baf f le  s h a l l  not be l e s s  than 80% of the tank cross-section area." 

It was noted i n  the I s r a e l i  response t h a t ,  f o r  the t ransport  of l i qu ids ,  

tanks a r e  customarily b u i l t  with compartments t o  reduce sloshing, however, 

t h i s  i s  not mandatory by law. 

FRANCE - 
The Ministry of Transport - This agency responded t o  the inquiry with 

both an adminsi t rat ive approach a s  well as  a technical ly  based solut ion to  the 

t ransportat ion of hazardous substances such as  petroleum. The f i r s t  s t a t e s  

t h a t ,  f o r  payloads exceeding 10 tons,  the vehicle speed be r e s t r i c t ed  t o  50 

km/hr i n  an urban area ,  60 km/hr on a ru ra l  road, and 80 kmfhr on limited 

access freeways. The second method r e fe r s  to the use of t r iple-axle  

semi t ra i le rs  with s ingle  t i r e s  which r e s u l t s  i n  a g rea t e r  width between the 

t r a i l e r  t i r e s .  Thus, the tank can r e s t  lower between the wheels, therefore 

reducing the c.g. height of the vehicle and improving vehicle s t a b i l i t y .  

Petroleum France I n s t i t u t e  - The Petroleum I n s t i t u t e  enclosed 

untranslated excerpts from two publications.  These two documents, en t i t l ed  

"Regulations fo r  the I n t e r i o r  Transportation of Dangerous Materials," May 



1983, and "Transportation and Handling of Chemical and Petroleum Products," 

1982, were p a r t i a l l y  t rans la ted  t o  determine i f  any portions alluded t o  

addressing the problem of liquid-load movement. It was determined, however, 

tha t  none of the forwarded regulat ions out l ine  means designed spec i f i ca l ly  to  

reduce liquid-load movement. 

JAPAN - 
Ministry of Transport, Traf f ic  Safety and Nuisance Research I n s t i t u t e  - 

The I n s t i t u t e  i den t i f i ed  one regulation and one standard which they f e l t  most 

c losely addressed the problem of liquid-load sh i f t ing .  The f i r s t  i s  Art ic le  

5 ,  "The Safety Regulations f o r  Road Vehicles." "This a r t i c l e  s t a t e s :  

"Any motor vehicle s h a l l  comply with the following requirements as  to  

i t s  s t a b i l i t y :  

1)  The t o t a l  load imposed upon the road-contact points of s teer ing  

t i r e s  i n  the unloaded s t a t e  and i n  the loaded s t a t e  s h a l l  not be l e s s  than 20% 

(18% i n  the case of a three-wheel motor vehicle)  of the vehicle weight and of 

the gross vehicle weight, respectively. 

2) In the case of a t r a c t o r ,  the requirement of the preceding item 

s h a l l  be complfed with even i n  the s t a t e  when a t r a i l e r  i s  coupled thereto. 

3 )  In the case of a two-wheel motor vehicle with a s idecar ,  the load 

imposed upon the road-contact point of the wheel of a s idecar  i n  the unloaded 

s t a t e  and i n  the loaded s t a t e  s h a l l  not be more than 35% of the vehicle weight 

and of the gross vehicle weight, respectively. 

4 )  Any motor vehicle (except motorcycles without s idecars  and t r a i l e r s )  

i n  the unloaded s t a t e  s h a l l  not capsize when s lanted t o  the l e f t  and r igh t  

s ide  a t  an angle of 35 degrees. 

5 )  In the case of a t r a i l e r  (except pole t r a i l e r s ) ,  the requirement of 

the preceding Item s h a l l  be complied with i n  the s t a t e  where a t r a c t o r  i n  the 

unloaded s t a t e  i s  coupled thereto. 



6)  I n  t h e  case  of a pole  t r a i l e r ,  the  d i s t a n c e  between t h e  c e n t e r s  of 

the  road-contact p o i n t s  of the  l e f t  and r i g h t  outermost wheels s h a l l  not be 

l e s s  than 1.3 t imes t h e  he igh t  of t h e  loading f l o o r  above the  ground i n  the  

unloaded s t a t e .  

I n  a d d i t i o n  t o  the  above, any motor veh ic le  ca r ry ing  dangerous a r t i c l e s  

s h a l l  comply wi th  the  Motor Vehicle Inspec t ion  Standard 4-3-3. This s tandard 

s e t s  t h e  maximum s t a b l e  i n c l i n a t i o n  angle  of the  v e h i c l e  i n s t a l l e d  with the  

tank c a r r y i n g  high p ressur ized  l i q u i d  petroleum gases  and l i q u i d  n a t u r a l  gases  

a s  being 36 degrees  o r  more." 

Japanese Standards Associa t ion - The Associa t ion d i d  not  respond t o  the  

request  d i r e c t l y .  Forwarded wi th  t h e i r  response was the  Japanese I n d u s t r i a l  

Standards Catalogue wi th  informat ion on s t andards  order ing procedures. I n  

reviewing t h e  ca ta logue ,  no s t andards  a r e  l i s t e d  which p e r t a i n  t o  tank 

c o n s t r u c t i o n ,  o r  dev ices  incorporated which address  the  problem of l iquid- load 

s h i f t i n g .  

SWITZERLAND 

I n t e r n a t i o n a l  Organizat ion f o r  S tandard iza t ion  - The IS0 response s t a t e s  

t h a t  t h e r e  i s  c u r r e n t l y  no I n t e r n a t i o n a l  Standard d i r e c t l y  concerned wi th  

reducing r o l l o v e r s  involving l i q u i d  cargo s h i f t i n g  and s t a b i l i t y .  However, 

the  response does point  o u t  t e c h n i c a l  r e p o r t s  w r i t t e n  by the  IS0 concerning 

Vehicle Dynamics. One such repor t  being c a r r i e d  ou t  by the  subcommittee 

ISO/TC 22/SC 9 i s  e n t i t l e d  "Vehicle Dynamics and Road Holding Abi l i ty ."  The 

fol lowing IS0 s t andards  were i d e n t i f i e d  a s  maybe being of marginal  i n t e r e s t .  

Also pointed out  a r e  two s t andards  from the  I n t e r n a t i o n a l  Union of Railways. 

IS0 1496/3-1981 S e r i e s :  F re igh t  con ta ine r s -Spec i f i ca t ion  and t e s t i n g  

P a r t  3: Tank c o n t a i n e r s  f o r  l i q u i d s  and gases.  

IS0 3164-1979 Earth-moving machinery-Laboratory eva lua t ions  of r o l l o v e r  

and f a l l i n g  o b j e c t  p r o t e c t i v e  s t r u c t u r e s  - S p e c i f i c a t i o n s  f o r  the  d e f l e c t i o n -  

l i m i t i n g  volume. 



IS0 3471-1980 Earth-moving machinery-rollover p r o t e c t i v e  s t r u c t u r e s -  

Laboratory t e s t s  and performance requirements. 

IS0 4138-19982 Road v e h i c l e s  - Steady-state c i r c u l a r  t e s t  procedure 

which i n c l u d e s ;  Measurement of road su r face  f r i c t i o n ,  h igh f r i c t i o n  t e s t  t r a c k  

s u r f a c e ,  braking i n  a turn--open-loop, terminology of road v e h i c l e  dynamics, 

t r a n s i e n t  response t e s t  procedure--sinusoidal i n p u t ,  and t r a n s i e n t  response 

t e s t  procedure--random output .  

U I C  573 - Technical  cond i t ions  f o r  the  cons t ruc t ion  of tank wagons. 

U I C  573-1 - Technical cond i t ions  f o r  the  cons t ruc t ion  of the  tanks of 

wagons in tended f o r  t h e  t r a n s p o r t  of dangerous l i q u i d s .  

Swiss Council f o r  Accident Prevent ion - Forwarded from the  Council was 

an  u n t r a n s l a t e d  r e g u l a t i o n  regarding the  "Transport of Dangerous Goods on 

Roads" contained wi th in  the  "Construction and Equipment of Road Vehicles" 

r egu la t ion .  Included i n  t h i s  p o r t i o n  a r e  guidelines concerning d r i v e r  

t r a i n i n g  and opera t ion.  Also, r e g u l a t i o n s  f o r  the  construct-ion and equipment 

f o r  t r a n s p o r t  veh ic les .  A r t i c l e  4 4 : 2  of t h i s  r egu la t ion  has been u n o f f i c i a l l y  

t r a n s l a t e d  and s t a t e s :  

"Tanks f o r  t r a n s p o r t i n g  of l i q u i d s  wi th  a volume g r e a t e r  than 7500 

l i t e r s  must be provided wi th  compartments. Any compartment s i t e  s h a l l  not  

exceed t h e  above 7500 l i t e r s .  Openings between compartments s h a l l  not  exceed 
2 a t o t a l  of 0.3m . 

GERMANY 

Road and Transpor ta t ion  Research Associa t ion - I n  responding t o  our 

r e q u e s t ,  the  Research Associa t ion noted t h a t  the  study request  was out  of 

t h e i r  scope. They d i d ,  however, con tac t  the  German Minis t ry  of Transport  and 

re layed t h a t  no s p e c i a l  r e g u l a t i o n s  f o r  l i q u i d  loads  were c u r r e n t l y  enforced. 



SOUTH AFRICA 

South Afr ican Bureau of Standards - The Bureau of Standards s t a t e d  i n  

response t h a t  no s p e c i f i c  research o r  a t t e n t i o n  has been given t o  the  problem 

of l iquid-cargo s h i f t i n g .  The Bureau a l s o  confirmed t h i s  with the  National  

I n s t i t u t e  f o r  Transport  and Road Research. Included,  however, a r e  s tandard 

which they i d e n t i f y  a s  speaking t o  s e p a r a t e  compartment requirements p a r t i a l l y  

t o  ensure  load s t a b i l i t y ,  and maximum u l l a g e  amount recommendations. These 

s t andards  a r e  : 

SABS 1187-19978 The tanks  and a u x i l i a r y  equipment of milk t ankers ,  

SABS 1398-1983 Road tank v e h i c l e s  f o r  flammable l i q u i d s .  

SABS 0189-1983 The opera t ion ,  handling and maintenance of road-tanker 

v e h i c l e s  f o r  flammable l i q u i d s *  

National  I n s t i t u t e  f o r  Transpor t  and Road Research - The I n s t i t u t e  

repor ted  t h a t  they a r e  p r imar i ly  concerned wi th  r e g u l a t i o n s  r e l a t i n g  t o  the  

c a r r i a g e  of flammable l i q u i d s  and t h a t  t h e r e  a r e  no r e g u l a t i o n s  which 

c u r r e n t l y  address  the  problem f o r  flammable l i q u i d  loads.  However, they s t a t e  

t h a t  some r e g u l a t i o n  may be produced i n  t h e  near  f u t u r e  under extensions  t o  

t h e  Hazardous Substances Act. 

NEW ZEALAND 

Minis t ry  of Transpor t ,  Road Transport  Divis ion - The Road Transpor t  

Divis ion advised i n  t h e i r  response t h a t  t h e r e  a r e  no r e g u l a t i o n s  administered 

by the  Divis ion s p e c i f i c a l l y  dea l ing  wi th  l i q u i d  cargo tank des ign o r  loading 

requirements in tended t o  reduce r o l l o v e r  accidents .  Their  response d id  

inc lude ,  however, a  t r a n s l a t e d  p o r t i o n  of Sect ion 2.11 " S t a b i l i t y  of Tank 

Wagons" i n  the  Code of P r a c t i c e  f o r  Vehicles Transpor t ing LP Gas by Road and 

i s sued  by the  New Zealand Department of Labor. Selected p o r t i o n s  of t h i s  

s e c t i o n  s t a t e :  

2 , l l . l  "The geometric c e n t e r  of a c r o s s  s e c t i o n  of the  tank o r  t anks ,  

taken i n  a v e r t i c a l  p lane  midway along the  l eng th  of the  t a n k ( s )  s h a l l  f a l l  



w i t h i n  an i s o s c e l e s  t r i a n g l e  having a base l eng th  a t  ground l e v e l  equal  t o  the  

o v e r a l l  width between the  o u t s i d e  w a l l s  of the  t i r e s  of the  major load ax le  o r  

ax les  of the  v e h i c l e ,  and base ang les  of 65 degrees ,  with the  t a n k ( s )  unladen. 

2.11.2 As an a l t e r n a t i v e  t o  2.11.1, the  e n t i r e  tank wagon, including 

prime mover i n  t h e  case  of a tank s e m i t r a i l e r ,  s h a l l  be demonstrated t o  be 

capable of being s t a t i c a l l y  t i l t e d  t o  an angle  represen t ing  a t r a n s v e r s e  

loading of 9 .33  t imes the  a l l  up weight of t h e  tank wagon and i t s  load (under 

a l l  cond i t ions  of load)  a c t i n g  a t  the  c e n t e r  of g r a v i t y  of t h e  loaded t ank  

wagon without r o l l o v e r  occurring.  

2.11.2.1 As an a l t e r n a t i v e  t o  phys ica l  demonstrat ion of compliance with 

paragraph 2.11.2, compliance may be claimed by production of c a l c u l a t i o n s  t o  

the  s a t i s f a c t i o n  of the  Chief Inspec to r  of Dangerous Goods showing t h a t  the  

tank wagon would meet the  requirements of paragraph 2.11.1 i f  s o  tes ted ."  

Standards Associa t ion of New Zealand - The Standards Associat ion 

i d e n t i f i e s  Standard NZS 5433:1983 Sect ion 6 e n t i t l e d  "Code of P r a c t i c e  f o r  the  

Transport  of Hazardous Substances on Land" a s  d e a l i n g  wi th  t h e  problem of 

l i q u i d  cargo surging i n  tanks.  Also noted i s  Standard NZS 5418:1983 p a r t  1 

e n t i t l e d  "Transpor ta t ion Containers f o r  Hazardous Substances,  P a r t  1 ,  

S p e c i f i c a t i o n  f o r  Tanks f o r  t h e  Multi-Modal Transpor ta t ion  of Hazardous 

Liquids ,  concerning tank des ign f o r  t r a n s p o r t i n g  hazardous l iqu ids . "  Nei ther  

of the  s t andards  o r  p o r t i o n s  of were quoted i n  the  response. 

AUSTRIA 

Federal  Minis t ry  f o r  Science and Research - This response acknowledged 

t h a t  r e g u l a t i o n s  t o  ensure  s a f e r  t r a n s p o r t  of l i q u i d  loads  a r e  c u r r e n t l y  being 

enforced.  However, f o r  the  p r e c i s e  i d e n t l f i c a t l o n  of t h e s e ,  t h e  request  was 

forwarded t o  the  Minis t ry  f o r  Transport .  A s  of t h i s  d a t e ,  no response from 

t h e  Minis t ry  of Transpor t  has  been received.  



CANADA - 
Transport  Canada, Regulatory Requirement, Transport  of Dangerous Goods - 

This agency advised t h a t  the  "Canadian Regulations on Transport  of Dangerous 

Goods by Road" i s  i n  the  process  of p repara t ion ,  and thus  they could not 

forward any information a t  t h i s  time. 

INDONESIA 

Department of Mining and Energy, Legal A f f a i r s  Bureau - The Bureau 

forwarded an un t rans la ted  copy of two mining regu la t ions  concerning o i l  

t r a n s p o r t a t i o n .  The f i r s t  i s  e n t i t l e d  "Petroleum Transport  Ordinance" (1927), 

the second "Petroleum Transport  Regulationtt  ( 1  928). Both documents were only 

p a r t i a l l y  t r a n s l a t e d  a s  the  m a t e r i a l  i s  dated and concerns the  t r a n s p o r t  of 

o i l  products by ship.  

Centra l  Organization f o r  T r a f f i c  Safe ty  i n  Finland - This agency 

forwarded t r a n s l a t e d  por t ions  from Finnish  l e g i s l a t i o n  Ref. No. 

84/1844/kw/dt/am/l. Sect ion 1.3 Tanks, of the  General Requirement a r e a ,  i s  

the  only one which d i scusses  methods which help  reduce l i q u i d  load movement 

and i n t e r i o r  tank const ruct ion.  The s e c t i o n  s t a t e s :  

"A tank can be made e i t h e r  of s t e e l  o r  aluminum sheet .  The th ickness  of 

the  wa l l s  of a s t e e l  tank must be a t  l e a s t  3 mm and the  aluminum wal l s  a t  

l e a s t  4 mm. The tank may a l s o  be made of p l a s t i c .  

The volume of the  tank may not  exceed 6 m3 except f o r  t r a n s p o r t  of 

hea t ing  o i l .  

For every 5 m3 o r  p a r t  thereof i n  the  tank,  t h e r e  must be a sp lash  p l a t e  

covering no l e s s  than 80% of the  cross-sect ional  a r e a  of the  tank. The 

mate r i a l  and the  th ickness  of the  p l a t e  must be the  same a s  t h a t  of the  tank 



i t s e l f .  The splash p l a t e  must have a working aperture no l e s s  than 450 mrn i n  

diameter, I' 

S t a t e  Road Administration, Division of the Department of Transportation 

- The Road Administration response s ta ted  tha t  spec i f i c  l e g i s l a t i o n  concerning 

l a t e r a l  s t a b i l i t y  of road tankers e x i s t s  only f o r  the t ransport  of flammable 

l iqu ids .  Included were t rans la ted  portions of l e g i s l a t i o n  pertaining t o  

s t a b i l i t y .  Section 1.2.1 ou t l i nes  provisions tha t  specify surge-plates when a 

compartment has a capacity exceeding 3000 l i t r e s  and length exceeding 2.0 m. 

These p l a t e s  should be spaced a t  a d i s tance  not exceeding 1.5 m. Generally, 

the capaci ty of a s ing le  compartment s h a l l  not exceed 5000 l i t r e s .  Section 

1.3, Height of the Center of Gravity,  s t a t e s :  

"1.3.1 Tanks s h a l l  be mounted on the automobile i n  such a manner tha t  

the r a t i o  between the unladen height (H) of the centre  of grav i ty  of the load 

and the t rack width ( B )  of the vehicle i s  equal t o  or  l e s s  than 1.0 fo r  an 

automobile t h a t  i s  H/B - < 10, 0.7 f o r  the t r a i l e r  t ha t  i s  H/B - < 0.7. 

The track width of the vehicle (B) s h a l l  i n  the case of twin-mounted 

t i r e s  be measured a t  the cent re  of the area of contact between the outer t i r e  

and the road sur face ,  otherwise, a t  a point 10 cm Inside the outer edge of the 

area between t i r e  and the road surface. 

1.3.2 For t r a i l e r s  f i t t e d  with an t i - ro l l  bars or other  devices capable 

of giving the vehicle  corresponding cornering proper t ies ,  the height of the 

cent re  of grav i ty  (h)  may be increased, but the r a t i o  H/B must not exceed 

1 . 0. I' 

Fina l ly ,  the Road Administration quotes the European Agreement on the 

Transport of Dangerous Goods by Road sec t ion  Appendix B. 1 ,  marginal 211 128, 

However, the Road Administration views t h i s  pa r t i cu l a r  ADR requirement of no 

value. 



NETHERLANDS 

Minis t ry  of Transport  and Publ ic  Works - The Ministry response 

i d e n t i f i e d  two a r t i c l e s  which a r e  p a r t  of the  ADR European Agreement 

concerning the  c a r r i a g e  of dangerous goods ac ross  i n t e r n a t i o n a l  borders. 

These a r t i c l e s  a r e  d e t a i l e d  i n  t h e  following d i scuss ion  concerning the  ADR 

Agreement. The Minis t ry  a l s o  forwarded an un t rans la ted  document e n t i t l e d  

"Requirements f o r  Double T r a i l e r  Combinations." This document was not  

t r a n s l a t e d  s i n c e  i t  d e a l t  only with the  requirements on how t r a i l e r  components 

a r e  t o  be a t tached and which manufacturers supply approved t r a i l e r - l o c k i n g  

mechanisms and towing r ings .  I n t e r i o r  tank cons t ruc t ion ,  loading p r a c t i c e s ,  

o r  devices  which may negate l i q u i d  loading were not  p a r t  of the  forwarded 

document. 

ADR European Agreement 

I n  responding,  The Netherlands,  Norway, Sweden, and Great  B r i t a i n  r e f e r  

t o  t h e i r  s i g n a t o r i e  i n  the  "European Agreement Concerning the  I n t e r n a t i o n a l  

Carr iage  of Dangerous Goods by Road" o r  the  ADR. Members of the  ADR a l s o  

inc lude  Aus t r i a ,  Belgium, Denmark, Finland,  France, The German Democratic 

Republic,  The Federal  Republic of Germany, Hungary, I t a l y ,  Luxembourg, Poland, 

Por tuga l ,  Spain,  Switzer land,  and Yugoslavia. The purpose of the  ADR i s  t o  

ensure  t h a t  dangerous goods being conveyed by road a r e  ab le  t o  c r o s s  

i n t e r n a t i o n a l  f r o n t i e r s  without hindrance,  provided t h a t  the  substances 

concerned have been s a f e l y  packed and a r e  being s a f e l y  c a r r i e d .  

Included i n  the  response from the  Minis t ry  of Transpor ta t ion  and Pub l i c  

Works i n  The Netherlands were two a r t i c l e s  wi th in  the  ADR r e g u l a t i o n s  which 

were i d e n t i f i e d  a s  the  most c l o s e l y  r e l a t e d  t o  l i q u i d  load s h i f t i n g  problems. 

These two a r t i c l e s  a r e  211.128 and 211.173. 

A r t i c l e  211.128 s t a t e s  "The o v e r a l l  width of the ground-level bear ing 

su r face  ( d i s t a n c e  between the  o u t e r  p o i n t s  of con tac t  wi th  the  ground of the 

right-hand t i r e  and the  left-hand t i r e  of the same a x l e )  s h a l l  be a t  l e a s t  

equal  t o  90 percent  of t h e  height  of the c e n t r e  of g r a v i t y  of the  laden tank- 

vehicle.  In  an a r t i c u l a t e d  veh ic le  the  weight on the  ax les  of the  load- 

ca r ry ing  u n i t  of the laden semi - t ra i l e r  s h a l l  not  exceed 60 percent  of the  

nominal t o t a l  laden weight of t h e  complete a r t i c u l a t e d  vehicle." 



Art ic le  211.173 s t a t e s  "When tanks intended f o r  the car r iage  of l i qu ids  

a r e  not divided by p a r t i t i o n s  o r  surge-plates i n t o  sec t ions  of not more than 

7500 l i t e r s  capaci ty,  they s h a l l  be f i l l e d  t o  not l e s s  than 80 percent of 

t h e i r  capacity unless they a r e  p rac t i ca l ly  empty." 

Driver t ra in ing  a l s o  f a l l s  within the scope of the ADR regulations.  The 

ADR regulat ions require  t ha t  "The d r ive r  of a t ransport  un i t  carrying a tank 

or  tank container  or containers ,  the  t o t a l  capacity of which i s  more than 3000 

l i t r e s ,  on an ADR journey, i s  required t o  be i n  possession of a Ce r t i f i ca t e  of 

Competence (DT 19920) t o  c e r t i f y  t ha t  he has undergone t r a in ing  a t  an Approved 

Training Centre i n  the pa r t i cu l a r  requirements tha t  have t o  be met during the 

carr iage of dangerous goods by road." . 

The agency responses and the quoted port ions of ex is t ing  standards and 

regulat ions which address l iqu id  load movement a s  contr ibut ing to  vehicle 

i n s t a b i l i t y  r e l a t e  primarily to  the t ranspor ta t ion  of hazardous substances. 

The ramificat ions of liquid-load sh i f t i ng  of nonflammable or  nontoxic 

substances does not appear to  be a p r i o r i t y  fo r  regulatory agencies. A s  

pointed out i n  the response from the National I n s t i t u t e  f o r  Transport and Road 

Research i n  P re to r i a ,  South Africa,  "Our major problem a t  the moment i s  

keeping the tanker contents ins ide  t h e i r  tanks during normal usage." 

Canada, Great Br i t a in ,  and Austral ia  a l l  r e f e r  t o  research o r  d r a f t  

regulat ions and /or  standards being prepared which w i l l  focus on liquid-load 

movement problems. Whether these regulat ions w i l l  be applied only t o  

hazardous substance t ransport  was not made clear .  Also, s ince these mater ials  

a r e  i n  d r a f t  form o r  s t i l l  i n  the research s tage ,  documents out l in ing  any 

f indings were not forwarded. The Australian Petroleum I n s t i t u t e  and the 

National I n s t i t u t e  f o r  Transport and Road Research i n  South Africa both 

expressed i n t e r e s t  i n  the study outcome, and agreed tha t  liquid-load movement 

i s  a problem of importance, pa r t i cu l a r ly  i n  t ransport ing dangerous substances. 



4.0 THE PROSPECT FOR FUTURE REGULATORY AND SAFETY MANAGEMENT COUNTERMEASURES 

Going beyond c u r r e n t  r e g u l a t i o n s ,  t h e r e  is  need t o  consider  the  

t h e o r e t i c a l  i s s u e  of the need f o r  s l o s h  countermeasures a s  we l l  a s  the  var ious  
7 

mechanical and opera t iona l  approaches which might c o n s t i t u t e  a  countermeasure. 

The t h e o r e t i c a l  i s s u e  is d e a l t  wi th  i n  the  form of an a n a l y s i s  of the  r i s k s  

which might ensue from the  use of road tankers  with and without s l o s h  

protect ion.  The i s s u e  i s  addressed using gaso l ine  t r a n s p o r t a t i o n  a s  an 

example f o r  which t h e  needed suppor t ing d a t a  e x i s t .  The prospects  f o r  s l o s h  

countermeasures a r e  then discussed e s s e n t i a l l y  a s  a  summary of the f ind ings  

which have been presented i n  e a r l i e r  s e c t i o n s  of t h i s  repor t .  

4.1 The Risk Associated wi th  Sloshing Liquids 

The r i s k  t h a t  a  heavy t r a c t o r - t r a i l e r  combination w i l l  r o l l  over on the  

highway is  s u b s t a n t i a l ,  a s  a  category wi thin  the  o v e r a l l  accident  record. For 

example, s t u d i e s  using the  BMCS acc iden t  d a t a  f i l e  show t h a t  r o l l o v e r  

c o n s t i t u t e s  some seven t o  e i g h t  percent of a l l  repor ted  acc iden t s  with 

commercial v e h i c l e s  [29,30]. Fur the r ,  i t  has been e s t a b l i s h e d  t h a t  the  

s p i l l a g e  of l a r g e  q u a n t i t i e s  of l i q u i d s  from bulk t ankers  i s  overwhelmingly a  

r o l l o v e r  problem. In  a  study of tanker  acc iden t s  i n  Michigan, f o r  example, i t  

was shown t h a t  27 out  of 27 tanker  over turning acc iden t s  r e s u l t e d  i n  s p i l l a g e ,  

wi th  an average of approximately 4,500 g a l l o n s  of motor f u e l  s p i l l e d  per  

i n c i d e n t ,  while only 2  out  of 12 non-overturn c o l l i s i o n s  caused f u e l  sp i l l age -  

-and then 30 and 1,000 g a l l o n  q u a n t i t i e s  were s p i l l e d  i n  the  two i n c i d e n t s ,  

r e s p e c t i v e l y  [ 2 5 ] .  Thus, i f  s p i l l a g e  of product i s  the primary s a f e t y  concern 

when t r a n s p o r t i n g  l i q u i d s  i n  bulk ,  then r o l l o v e r  acc iden t s  a r e  the  foca l  

acc iden t  type. 

The involvement of l i q u i d  s l o s h ,  however, a s  a  con t r ibu t ing  f a c t o r  

producing r o l l o v e r  i s  not e x p l i c i t l y  known. Thus, i t  i s  the  purpose of t h i s  

s e c t i o n  t o  p resen t  an a n a l y s i s  of an es t ima te  of the  p o t e n t i a l  r o l e  which 

l i q u i d  s l o s h  might play i n  determining the  frequency of tanker r o l l o v e r  

acc iden t s .  The a n a l y s i s  i s  intended t o  approximate the magnitude of the  

b e n e f i t  which might accrue  i f  a  completely e f f e c t i v e  countermeasure were 



implemented. The r e s u l t  of t h i s  a n a l y s i s  i s  thought t o  be valuable  i n  

a s s e s s i n g  the  war ran t s  f o r  r e g u l a t i o n s  i n  the a r e a  of s l o s h  countermeasures. 

I )  The a n a l y s i s  p r o j e c t s  the  acc iden t  exper ience  of t h e  common 

t r a c t o r /  tank s e m i t r a i l e r  combinations which conform t o  t h e  MC-306 

s p e c i f i c a t i o n  and which t r a n s p o r t  g a s o l i n e  from p i p e l i n e  and marine t e rmina l s  

t o  l o c a l  r e t a i l  s t a t i o n s  and commercial customers. (Since  g a s o l i n e  

t r a n s p o r t a t i o n  produces by f a r  the  most f r equen t  hazardous m a t e r i a l  emergency 

i n  the  U.S., g a s o l i n e  was chosen a s  the  most s u i t a b l e  commodity f o r  

i l l u s t r a t i n g  the  b e n e f i t s  of s l o s h  countermeasures. ) 

2 )  The a n a l y s i s  c a l c u l a t e s  the  t o t a l  number of r o l l o v e r s  of g a s o l i n e  

t ankers  which should be expected i n  a  one-year per iod f o r  each of two c a s e s  

r e p r e s e n t i n g  a l t e r n a t i v e  s c e n a r i o s  of f l u i d  s l o s h  involvement. I n  the  f i r s t  

s c e n a r i o ,  t h e  g a s o l i n e  t r a n s p o r t a t i o n  system is considered t o  be opera t ing  a s  

i t  has  i n  r e c e n t  y e a r s ,  wi th  no a d d i t i o n a l  s l o s h  countermeasures i n  place.  In  

the  second s c e n a r i o ,  i t  i s  assumed t h a t  a  completely e f f e c t i v e  countermeasure 

has  been implemented such t h a t  f l u i d  s l o s h  does not  occur i n  t h e  process  of 

t r a n s p o r t i n g  g a s o l i n e  by tank truck.  The warrants  f o r  r e g u l a t i o n  w i l l  then 

r e s t  upon the  d i f f e r e n c e  between t h e  t o t a l  annual r o l l o v e r s  expected wi th  and 

wi thout  s l o s h  occurr ing.  Although t h e  f i n a l  r e s u l t ,  t hen ,  i s  expressed i n  t h e  

form of a  d i f f e r e n c e ,  the  a n a l y s i s  a t t empts  t o  reasonably approximate the  

t o t a l  number of r o l l o v e r s  so  t h a t  the  a b s o l u t e  va lue  of the  r o l l o v e r  

d i f f e r e n c e  f i n d i n g  is e s s e n t i a l l y  accurate .  

3 )  It i s  assumed t h a t  the  acc iden t  exposure of t h e  n a t i o n a l  f l e e t  of 

g a s o l i n e  t ankers ,  expressed i n  terms of t o t a l  loaded truck-miles,  i s  

determined by: 

a )  The t o t a l  annual consumption of g a s o l i n e  i n  t h e  U.S. The annual 

r a t e  of g a s o l i n e  usage i n  the  U.S. i s  taken t o  be 1.16 x 10 t o  t h e  11th  

g a l l o n s  which was the  es t ima ted  n a t i o n a l  consumption value  i n  1982 [31] .  

b) The average l e n g t h  of the  loaded p o r t i o n  of a  d e l i v e r y  t r i p .  I n  a  

s tudy of t h e  t r a n s p o r t a t i o n  of g a s o l i n e  i n  the  S t a t e  of Michigan [ 3 2 ] ,  a  

survey of Statewide opera t ions  showed an average urban t r i p  l eng th  of 43  mi les  

(69 km) and an average r u r a l  t r i p  l e n g t h  of 74 mi les  (119 km). Weighting 

these  f i g u r e s  by the  r e s p e c t i v e  t o t a l  mileage covered on the  urban and r u r a l  



road systems, an average of 62 miles  (100 km) i s  obtained.  Considering t h a t  

the  Michigan d a t a  showed t h a t  the loaded miles were v i r t u a l l y  equal  t o  the 

empty miles  i n  such d e l i v e r y  s e r v i c e ,  the  average loaded t r i p  l eng th  was s e t  

a t  31 miles  (50 km). (Note t h a t  the  a n a l y s i s  considers  only the  loaded miles 

s i n c e  both the  s l o s h  phenomenon and the  prospect  f o r  s p i l l a g e  requ i re  t h a t  the  

v e h i c l e  be ca r ry ing  product. ) 

c )  The average volume o i  gaso l ine  t r anspor ted  pe r  t r i p .  I n t e r s t a t e  

Commerce Commission s t a t i s t i c s  [33]  show t h a t  the average gaso l ine  shipment by 

t ruck  i s  8,400 gal lons .  Recognizing t h a t  t h e  t y p i c a l  gaso l ine  tanker  has a 

capac i ty  of 8,800 g a l l o n s ,  and t h a t  the  g r e a t  major i ty  of gaso l ine  shipments 

c l o s e l y  approach the  capac i ty  of t h e  tank,  the  I C C  value of 8,400 is  seen a s  a 

q u i t e  reasonable  f i g u r e  (even though i t  was determined i n  1972). 

The t o t a l  l e v e l  of veh ic le  exposure de r iv ing  from the  f i g u r e s  i n  a ,  b ,  

and c i s  4.28 x 10 t o  the  8 t h  vehicle-miles t r ave led  with t ankers  i n  the  

loaded condit ion.  

4 )  The incidence of slosh-loading among shipments of gaso l ine  i n  bulk 

was e s t a b l i s h e d  i n  the s tudy of Michigan t r a n s p o r t a t i o n  p r a c t i c e s  [32].  The 

s tudy determined,  by the  survey of ind iv idua l  d e l i v e r y  t r i p s ,  the  number of 

compartments i n  each shipment which were i n  a nominal l'slosh-loaded" s t a t e .  

Overa l l ,  some 21.3 percent  of the  t o t a l  mi les  over which gaso l ine  was being 

hauled involved s e m i t r a i l e r  t ankers  having one o r  more compartments which were 

l e s s  than 80 percent but  more than 20 percent  f i l l e d  wi th  l i q u i d .  

5) Using t h i s  nominal d e f i n i t i o n  f o r  "slosh-loaded" opera t ions ,  an 

average s t a b i l i t y  l e v e l  measure was eva lua ted ,  using the  r e s u l t s  of a 

computerized a n a l y s i s  repor ted  i n  r e f .  [ 2 5 ] ,  t o  c h a r a c t e r i z e  each of the 

r e s p e c t i v e  slosh-loaded and non-slosh-loaded vehic les .  The computerized 

a n a l y s i s  considered the  dynamic overshoot i n  the  motion of the  s losh ing  l i q u i d  

i n  o rde r  t o  account f o r  a reduced r o l l o v e r  threshold  i n  a p a r t i c u l a r  tanker  

which was s i zed  t o  c a r r y  13,200 g a l l o n s  of gasol ine .  (Note again  t h a t  the 

r o l l o v e r  threshold  measure represen t s  the maximum value of l a t e r a l  

a c c e l e r a t i o n ,  i n  g ' s ,  which the  veh ic le  w i l l  t o l e r a t e  without r o l l i n g  over.)  

The a n a l y s i s  took the  r e s u l t s  of the  survey of loading p r a c t i c e s  [ 3 2 ]  and 



determined average r o l l o v e r  threshold  values  f o r  t h i s  v e h i c l e ,  assuming t h r e e  

opera t ing  cond i t ions ,  namely, 

a )  an average p a r t i a l  load cond i t ion ,  assuming t h a t  t h e  f l u i d  i s  f r e e  t o  

s l o s h  ( f o r  which the  corresponding average value  f o r  r o l l o v e r  threshold  was 

0.374 g l s )  

b) t h e  average p a r t i a l  load cond i t ion ,  assuming t h a t  no s l o s h  can occur 

( f o r  which the  r o l l o v e r  th resho ld  i s  0.424 g l s )  

c )  t h e  f u l l y  loaded cond i t ion  ( f o r  which t h e  r o l l o v e r  threshold  was 

0.393 g ' s )  

6 )  Since t h e  c i t e d  computerized a n a l y s i s  [25] had considered a very 

s t a b l e  b a s e l i n e  tanker  des ign ,  wi th  a t o t a l  capac i ty  of 13,200 g a l l o n s ,  the  

c a l c u l a t e d  r o l l o v e r  limits needed t o  be sca led  down f o r  a p p l i c a t i o n  t o  the  

case  of the  more conventional 8,800-gallon MC-306 tanker  used over most of the  

nat ion.  The r e s u l t s  c i t e d  i n  i tem 5 ,  above, were simply proportioned 

according t o  t h e  d i f f e r e n c e s  i n  c a l c u l a t e d  va lues  of r o l l o v e r  threshold  f o r  

t h e  f u l l y  loaded t ankers  having t h e  r e s p e c t i v e  13,200- and 8,800-gallon 

c a p a c i t i e s .  Thus, t h e  c a l c u l a t e d  r o l l o v e r  limits f o r  s l o s h  and non-slosh 

p a r t i a l  loading of t h e  13,200-gallon Michigan veh ic le  were mul t ip l i ed  by the  

f a c t o r :  

Rollover Threshold,  8,800 g a l  v e h i c l e ,  = ,320 g 

Rollover Threshold,  13,200 g a l  v e h i c l e ,  = .393 g 

7 )  Using t h i s  propor t ioning f a c t o r ,  the  nominal r o l l o v e r  threshold  

represen t ing  t h e  average slosh-loaded, 8,800-gallon, tanker  was 0.302 g. For 

the same v e h i c l e  t r a n s p o r t i n g  the  same p a r t i a l  loads  of g a s o l i n e ,  but wi th  a 

completely e f f e c t i v e  s l o s h  countermeasure i n s t a l l e d ,  the  nominal r o l l o v e r  

theshold was 0.342 6. (Note t h a t  the  r o l l o v e r  threshold  value of 0,302 g f o r  

the  slosh-loaded veh ic le  f a l l s  below the  value of 0.320 g c i t e d  above a s  the  

nominal r o l l o v e r  threshold  f o r  the  8,800-gallon tanker.  The reduced r o l l o v e r  



threshold  value  of t h e  slosh-loaded v e h i c l e  r e f l e c t s  the  de t r imen ta l  in f luence  

of f l u i d  overshoot on r o l l  s t a b i i l i t y .  When the  v e h i c l e  i s  p a r t i a l l y  loaded,  

wi th  s l o s h  prevented,  the  h igher  r o l l o v e r  th resho ld  value  of 0.342 i s  

ob ta ined ,  r e f l e c t i n g  the  r i g i d  load cond i t ion  and the  lower he igh t  of the  

c e n t e r  of g r a v i t y  which d e r i v e s  from the  removal of payload. 

8 )  The r o l l o v e r  threshold  of t r a c t o r - s e m i t r a i l e r s  has  been r e l a t e d  t o  

the  incidence of r o l l o v e r  a c c i d e n t s  by means of a previously-reported a n a l y s i s  

[25]  of the  acc iden t  f i l e  maintained by the  Bureau of Motor C a r r i e r  Sa fe ty  

(BMCS). Shown i n  f i g u r e  8 ,  i s  a curve d e r i v i n g  from t h i s  process ing of the  

BMCS d a t a  f o r  the  yea r s  1976 through 1979. The f i g u r e  shows t h a t  a s t rong  

c o r r e l a t i o n  e x i s t s  between the  percent  of r o l l o v e r s  occurr ing among s ing le -  

v e h i c l e  a c c i d e n t s  (SVA) invo lv ing  t r a c t o r - s e m i t r a i l e r s  and the  c a l c u l a t e d  

value  of r o l l o v e r  th resho ld  f o r  each accident-involved vehic le .  This p l o t  

r ep resen t s  some 9,000 s ingle-vehic le  a c c i d e n t s  involving three-axle t r a c t o r s  

p u l l i n g  two-axle, van-type s e m i t r a i l e r s .  Among these  9,000 a c c i d e n t s ,  more 

than 2,000 r o l l o v e r s  were recorded. These d a t a  were resolved i n t o  the  

ind ica ted  format wi th  the  a i d  of an a n a l y s i s  f o r  c a l c u l a t i n g  r o l l o v e r  

threshold  of such v e h i c l e  combinations, g iven the  value of g r o s s  v e h i c l e  

weight which i s  repor ted  t o  BMCS wi th  each accident .  Knowing t h e  g ross  

weight,  the  a n a l y s i s  assumes t h a t  payload was placed i n  a f a sh ion  represen t ing  

medium-density f r e i g h t .  Typical  va lues  f o r  t i r e ,  s p r i n g ,  and geometric 

p r o p e r t i e s  were then employed t o  c a l c u l a t e  r o l l o v e r  th resho lds  f o r  each 

increment of g r o s s  weight i n  t h e  acc iden t  f i l e .  

Given the  r o l l o v e r  threshold  values  which were computed above f o r  the  

t ankers  wi th  and without s l o s h ,  the  p r o b a b i l i t y  of r o l l o v e r ,  g iven a s i n g l e  

v e h i c l e  acc iden t ,  PRP/SV, can be determined from Figure 28, a s  follows: 

PRP/SV, p a r t i a l  load wi th  s l o s h ,  = 0.56 

PRP/SV, p a r t i a l  load without s l o s h ,  = 0.46 

PRF/SV, f u l l  load (without s l o s h ) ,  = 0.52 

9 )  Since t h e  connection t o  the  BMCS d a t a  f i l e  was by means of the  

s ingle-vehic le  acc iden t  s t a t i s t i c ,  i t  i s  necessary t o  determine a value  f o r  

the  s ingle-vehic le  acc iden t  rate, PSV. I n  the  c i t e d  Michigan s tudy  [ 2 5 ] ,  a 
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value of 0.93 single-vehicle accidents per million vehicle miles was derived 

for PSV from accidents reported over a four-year period by the Michigan State 

Police. It was also shown that such a number is likely to be somewhat 

conservative as an estimate for the single-vehicle accident rate of petroleum 

transport vehicles. 

10) The statistics compiled over the above-mentioned steps are then 

employed in a simple calculation of the total annual incidence of rollover in 

the transportation of gasoline, for the two cases concerning the slosh 

condition. The general expression for computing this result can be written 

as : 

N = ( .213L X PSV X PRP/SV ) + ( .787L X PSV X PRF/SV ) 

where: the .213 and .787 factors reflect the 21.3 percent of loaded 

miles with slosh vs. 78.7 percent of loaded miles without slosh, 

L = Total loaded vehicle-miles for the national fleet of 8,800-gallon 

tankers, 4.28 X 10 to the 8th. 

.PSV = Probability of single vehicle accidents, .93 per million loaded 

vehicle-miles. 

PRP/SV a Probability of rollover for the partially-loaded tanker, given 

a single vehicle accident. Considering the case in which the liquid in 

the partially-filled compartments is free to slosh, the value is 0.56. 

For the case in which liquid does not slosh, the value is 0.46. 

PRF/SV = Probability of rollover for the fully-loaded tanker, given a 

single vehicle accident. The value for the baseline 8,800 gallon-tanker 

is 0.52. 

The total number of rollovers which are determined from this expression 

are as follows: 

With partial loads sloshing, N = 210.4 rollovers/ year 



With p a r t i a l  loads  r i g i d ,  N = 201.9 r o l l o v e r s /  year  

Thus, we s e e  t h a t  t h e  payoff which might accrue  from a  completely 

e f f e c t i v e  countermeasure f o r  t h e  s l o s h i n g  of l i q u i d  i n  gasoline-hauling 

o p e r a t i o n s  would be a  r educ t ion  of approximately e i g h t  r o l l o v e r s  per  y e a r ,  o r  

f o u r  percent  of the  t o t a l  r o l l o v e r  inc idence  wi th  tank v e h i c l e s  i n  t h i s  

s e r v i c e .  The r e l a t i v e l y  smal l  magnitude of t h i s  b e n e f i t  i s  due to :  

a )  t h e  smal l  f r a c t i o n  of the  t o t a l  mi les  t r a v e l l e d  by g a s o l i n e  t ankers  

i n  a  slosh-loaded s t a t e ,  and,  

b)  t h e  t y p i c a l l y  smal l  f r a c t i o n  of t h e  t o t a l  payload volume which i s ,  i n  

f a c t ,  s l o s h i n g  when a  p a r t i a l - l o a d  c o n d i t i o n  p reva i l s .  This second i tem i s  

l a r g e l y  in f luenced ,  of course ,  by the  f a c t  t h a t  g a s o l i n e  is  t r anspor ted  i n  

multiply-compartmented v e s s e l s ,  thus  providing t h a t  a  l a r g e  por t ion  of the  

t o t a l  load can be c a r r i e d  i n  e s s e n t i a l l y  f u l l  compartments. 

While t h i s  example i s  enabled by the  f a c t  t h a t  d a t a  a r e  a v a i l a b l e  

documenting t h e  inc idence  of s l o s h  loading i n  g a s o l i n e  t r a n s p o r t a t i o n ,  i t  i s  

c l e a r  t h a t  o t h e r  l i q u i d  commodities a r e  hauled i n  such a  manner t h a t  s l o s h  

countermeasures would o f f e r  a  much l a r g e r  p o t e n t i a l  f o r  reducing r o l l o v e r  

r i s k s .  Perhaps the  above a n a l y s i s  o f f e r s  a  prototype of one approach toward 

determining t h e  r i s k  outcome, should concerns over  the  s l o s h  problem with  

o t h e r  types  of l i q u i d s  c a l l  f o r  such a  s i m i l a r  eva lua t ion .  

4.2 The Prospect  f o r  Vehicle Design Standards 

The need f o r  r e g u l a t i o n s  which d i c t a t e  s p e c i a l  des ign  o r  performance 

f e a t u r e s  of cargo tanks  i n  o r d e r  t o  m i t i g a t e  s l o s h  e f f e c t s  i s  g e n e r a l l y  

unclear .  For t h e  s p e c i f i c  exauple case  of g a s o l i n e  t r a n s p o r t a t i o n ,  a s  

i n d i c a t e d  i n  the  preceding s e c t i o n ,  the  warrant  f o r  countermeasures seems t o  

be reduced by t h e  g e n e r a l l y  minor e x t e n t  of a  slosh-loading p r a c t i c e .  The 

survey of va r ious  i n d u s t r i e s  repor ted  i n  s e c t i o n  2.2, however, sugges t s  t h a t  

t h e r e  a r e ,  indeed,  c e r t a i n  p o r t i o n s  of t h e  t r a n s p o r t a t i o n  i n d u s t r y  which 

p r a c t i c e  s l o s h  load ing  a s  a  normal p a r t  of t h e i r  opera t ion.  Conspicuous among 

t h e s e  were those  committed t o  a  rou te  s t r u c t u r e  having mul t ip le  pickups,  such 



as in the milk products industry, and those transporting fluids of differing 

density, from trip to trip, in the same vehicle. This latter practice is 

typified by those transporting bulk chemicals. 

In both types of cases, however, the prospect of treating the inside of 

the vessel with additional compartmentation or baffles which reduce the 

magnitude of the sloshing mass and/or impede its flow, are unattractive. In 

the milk products industry, as in all bulk transportation of edibles, health 

considerations mandate the requirement that the tank be fully cleanable such 

that a completely sanitary status is recovered prior to introducing each new 

load. The practical considerations associated with tank cleaning tend to 

argue for as simple a containment surface geometry within the vessel as 

possible. Conversely, the very mechanisms which promise to reduce the 

sloshing action of the fluid also imply introducing a more complex array of 

surfaces within the vessel. Accordingly, we generally find that tanks 

employed in this type of service are of cleanbore construction, without 

baffles or compartmentation of any kind. 

In the industrial chemical application it is common practice to employ 

a fleet of tankers in which each vehicle is used on an interchangeable basis 

to transport a broad variety of products. The concern over chemical 

contamination of one load of fluid with the residue from a previous load of a 

dissimilar fluid suggests that easy cleanability is a standard requirement. 

Thus, it is common to find cleanbore vessels in this application, as well. If 

slosh-mitigating hardware were to be required on tankers in this service, it 

may be that reorganization of the entire transportation pattern in such fleets 

would be required, such that each vehicle would be restricted to the 

transportation of one commodity. (Of course, it may be that this scenario 

would then obviate the need for anti-slosh treatments since the incidence of 

partial loading would be much lower if the tank were sized to handle the fluid 

density of the particular product to which the vessel is restricted.) If 

seasonal factors or other market fluctuations tended to vary the demand for 

transporting each product over time, however, the economic burdens associated 

with idle equipment, on the one hand, and unavailability of suitable vehicles 

to meet the peak transportation demand, on the other, could be viewed as 

excessive. 



The bottom line of this discussion is that, if slosh-mitigation 

hardware implies very poor cleanability of the tank, the major portion of the 

tankers actually engaged in slosh-loading cannot be readily subjected to a 

"hardware-type regulation" without imposing a substantial burden on their day- 

to-day operating efficiency. 

Aside from the issue of cleanability, it also appears that there is an 

occasional need for a workman to enter the tank for the purpose of repairing 

some portion of the vessel or its valving. If it is required that one be able 

to implement repairs on all portions of the vessel, then any baffles or 

separation walls must be configured such that a person can gain access to, and 

can maneuver sufficiently within each of the spaces in the tank, The 

requirement for access suggests that each compartment or separated volume 

within the tank must be accessible either laterally, through the separating 

wall, or vertically, from the top of the tank. Thus, a requirement for baffle 

plates or separating walls carries with it an implicit requirement that the 

design also provide for adequate access. 

One objection to the use of longitudinal baffles which has been voiced 

a number of times by the tank manufacturing community involves a concern that 

such plate structures would so stiffen the tank at the local points of 

attachment that fatigue failures would be common. It may be that this concern 

is based, to some degree, upon certain anecdotes in which fatigue failures 

did, indeed, accompany some implementations of longitudinal baffles in the 

past. It is apparent, however, that the tank trailer industry has advanced 

substantially in recent times in the ability to design fatigue resistant 

structures. In this regard, tank designs reflect the obvious awareness that 

flexible sections are needed in certain areas of the structure while more 

stiff sections are suitable elsewhere. Thus, in the author's view, the "local 

stiffness" objection seems to boil down to an acknowledgement that "softer" 

baffle connections may be warranted in contrast to the naive implementations 

upon which the earlier anecdotes may have been based. This is not to say, 

however, that the structural design challenge is minimal or that a 

developmental phase is unneeded, but rather that current technology in 

structural design is fully capable to the task, should longitudinal baffles be 

deemed a reasonable requirement. 



The opt ions  a v a i l a b l e  f o r  conf igur ing l o n g i t u d i n a l  b a f f l e s  a r e  many. 

I n  genera l ,  however, i t  i s  convenient t o  dichotomize the cases  examined by 

var ious  i n v e s t i g a t o r s  i n t o  a )  f u l l - s e c t i o n  and b) p a r t i a l  s e c t i o n  ba f f l e s .  

F u l l  s e c t i o n  b a f f l e s  cover a l l  of those  des igns  i n  which the  e f f e c t i v e n e s s  of 

t h e  b a f f l e  i n  mi t iga t ing  s l o s h  i s  not p a r t i c u l a r l y  s e n s i t i v e  t o  the  f i l l  

he igh t  of the  f l u i d .  Such conf jgura t ions  would include the  var ious  

arrangements of v e r t i c a l  p a r t i t i o n i n g  wa l l s  such a s  Strandberg inves t iga ted  

[ l o ] .  It was observed t h a t  such des igns  became very powerful i n  mi t iga t ing  

s l o s h  over a  broad range of f requencies  when th ree  v e r t i c a l  wa l l s  were 

i n s t a l l e d  ac ross  the  width of the  vessel .  A s i n g l e  wa l l  i n  the  c e n t e r  of the 

tank was seen ( i n  Figure 2 2 )  t o  s u b s t a n t i a l l y  inc rease  the  s l o s h  resonant 

frequency--but f a i l e d  t o  reduce the  peak magnitude of the  s l o s h  response 

forces .  Overa l l ,  t h i s  type of f u l l  s e c t i o n ,  v e r t i c a l ,  b a f f l e  des ign appears 

t o  o f f e r  one of the  most broadly e f f e c t i v e  approaches toward s l o s h  mi t iga t ion ,  

al though more than one l o n g i t u d i n a l  wa l l  element seems needed i f  s t rong  s l o s h  

f o r c e s  a r e  t o  be avoided. 

The p a r t i a l  b a f f l e  category includes  a l l  v e r t i c a l  wa l l  elements which 

reach l e s s  than f u l l  tank he igh t  and a l l  h o r i z o n t a l  elements which were 

s i t u a t e d  only a t  one e l e v a t i o n  wi th in  the  tank. While r e s u l t s  show t h a t  such 

elements can be h igh ly  e f f e c t i v e  i n  mi t iga t ing  the s l o s h  response of l i q u i d  

loads  f o r  which the  s t a t i c  su r face  i s  near the top ext remity  of the  b a f f l e ,  i t  

i s  c l e a r  t h a t  e f f e c t i v e n e s s  f a l l s  off  sha rp ly  a s  the  f l u i d  l e v e l  goes much 

above o r  below t h a t  "ideal" coildit ion.  I f  some t rucking opera t ions  might 

a c t u a l l y  encounter a  s i n g l e  f i l l  l e v e l  a t  which s l o s h  loading occurs ,  they 

might f ind  a  p a r t i a l  b a f f l e  des ign a s  both p r a c t i c a l  from the  viewpoint of a  

l e s s e r  weight pena l ty  and e f f e c t i v e  i n  mi t iga t ing  the s l o s h  which would 

otherwise occur a t  t h a t  f i l l  l eve l .  The p a r t i a l  b a f f l e  might a l s o  permit easy 

access  such t h a t  workmen could r e p a i r  a l l  por t ions  of the  vesse l .  

I f  the  plumbing t o  each compartment is t o  be do more complex i n  a 

ba f f l ed  tank than i n  the  corresponding unbaff led  u n i t ,  then b a f f l e s  need t o  be 

configured with flow passages t o  permit the  f i l l  and d r a i n  f low of the  l i q u i d  

and vent ing of vapors. O f  course ,  i f  these  passages were made excess ive ly  

l a r g e ,  the  b a f f l e  would f a i l  t o  s u i t a b l y  impede the  s l o s h  flow a s  intended.  

Thus, any s tandard which might lead t o  broad incorpora t ion  of a d d i t i o n a l  wa l l s  

subdividing the  tank would n e c e s s a r i l y  con ta in  provis ions  f o r  these  through- 



w a l l  passages. The s i z i n g  of such passages was not  addressed a s  p a r t  of t h i s  

study.  

Moreover, the  prospect  of a v e h i c l e  s tandard which would r e q u i r e  s l o s h  

m i t i g a t i o n  hardware on road t a n k e r s  w i l l  i n e v i t a b l y  b r ing  a t t e n t i o n  t o  t h e  

fo l lowing genera l  i s s u e s :  

1) t h e  war ran t s  f o r  such countermeasures w i t h i n  each of the  va r ious  

types  of t ank  v e h i c l e s  o r  i n d u s t r i e s  which a r e  cand ida tes  f o r  r e g u l a t i o n  

2) t h e  na tu re  of t h e  p a r t i a l  f i l l  c o n d i t i o n ( s )  which a r e  commonly 

encountered,  among those  i n d u s t r i e s  which do t r a n s p o r t  l i q u i d s  i n  p a r t i a l  load 

shipments 

3 )  t h e  types  of s l o s h  m i t i g a t i o n  hardware which a r e  seen a s  necessary  

and s u f f i c i e n t  f o r  reducing the  s l o s h  hazard t o  an "acceptable" l e v e l .  The 

judgement of " a c c e p t a b i l i t y "  may we l l  be inf luenced by va r ious  f a c t o r s  such a s  

t h e  hazardous n a t u r e  of t h e  commodity involved,  the  popula t ion d e n s i t y  of the  

community through which i t  is  hauled,  e t c .  

4 )  the  fo rmula t ion  of the  r e g u l a t i o n ,  i t s e l f ,  g iven the  c l a s s i c  

t r a d e o f f  s be tween "design" and "performance" types  of requirements. 

Recognizing t h a t  the  primary s a f e t y  t h r e a t  posed by s l o s h i n g  l i q u i d s  

invo lves  t h e  dynamic impetus f o r  r o l l o v e r ,  ano the r  avenue of countermeasure i s  

o f f e r e d  by a simple upgrading of t h e  i n h e r e n t  r o l l  s t a b i l i t y  of the  foundat ion 

vehic le .  That i s ,  an  improved l e v e l  of s t a t i c  r o l l  s t a b i l i t y  would assure  

t h a t  the  v e h i c l e  would have a g r e a t e r  t o l e r a n c e  f o r  the  over tu rn ing  moments 

genera ted by s losh ing  l iquids-as we l l  a s  a v a r i e t y  of o t h e r  s t i m u l i .  S t a t i c  

r o l l  s t a b i l i t y  can be improved through j u d i c i o u s  s e l e c t i o n  of suspensions  

[ 3 4 ] ,  and through width and he igh t  adjus tments  which provide f o r  a s  broad and 

low a v e h i c l e  l ayou t  a s  permit ted  wi th  s i z e  and weight laws [ 2 , 3 5 ] .  

The most comprehensive, y e t  p r a c t i c a b l e ,  means f o r  spec i fy ing  s t a t i c  

r o l l  s t a b i l i t y  i s  by means of a t i l t - t a b l e  r o l l o v e r  threshold .  A s  shown i n  

Figure 29, t h e  t i l t - t a b l e  concept involves  a pla t form upon which t h e  v e h i c l e  

i s  t i l t e d  sideways u n t i l  r o l l o v e r  occurs.  The p la t fo rm angle  a t  which the 



Figu re  29 .  T i l t - t a b l e  concept  f o r  measuring s t a t i c  r o l l o v e r  
t h r e s h o l d .  



( t e t h e r e d )  r o l l o v e r  occurs d i r e c t l y  determines the  s t a t i c  s t a b i l i t y  l e v e l  of 

the  veh ic le ,  

Ro l l  s t a b i l i t y  requirements pe r  a  t i l t - t a b l e  s p e c i f i c a t i o n  have been i n  

f o r c e  i n  the  United Kingdom f o r  many y e a r s  i n  a p p l i c a t f o n  t o  buses and have 

been proposed by The Univers i ty  of Michigan Transpor ta t ion  Research I n s t i t u t e  

(UMTRI) i n  t h e  p a s t  f o r  a p p l i c a t i o n  t o  t ankers  c a r r y i n g  g a s o l i n e  i n  Michigan 

[25] ,  S i m i l a r l y ,  Swedish resea rchers  i n  t h e  1970's 6361 and Aus t ra l i an  

i n v e s t i g a t o r s  i n  the  e a r l y 1  1980's  [ 3 5 ]  have recommended t h a t  t i l t - t a b l e  

methods be employed i n  the  formulat ion of r e g u l a t i o n s  on the  r o l l  s t a b i l i t y  of 

commercial v e h i c l e s ,  e s p e c i a l l y  t ankers  haul ing hazardous l i q u i d s .  I n  a l l  

t h r e e  of these  l a t t e r  c a s e s ,  a  s t a t i c  s t a b i l i t y  threshold  a t  o r  approaching 

0.4 g ' s  (corresponding t o  a  maximum t i l t - t a b l e  angle  of 21.8 degrees )  has been 

recommended a s  t h e  t a r g e t  s p e c i f i c a t i o n .  

I n t e r e s t i n g l y ,  an i n i t i a t i v e  from t h e  t anker  manufacturing indus t ry  [37] 

has  produced a  proposal  which would y i e l d  petroleum tankers  capable of pass ing 

a  21.8-degree t i l t - t a b l e  requirement. This proposal  sugges t s  a n  a d d i t i o n a l  

g r o s s  weight al lowance,  from 80,000 t o  86,000 l b s ,  a s  an  i n c e n t i v e  t o  the  

i n d u s t r y  t o  upgrade t o  t ankers  having a  wider s t a n c e ,  lower c e n t e r  of g r a v i t y ,  

and a p p r o p r i a t e l y  designed suspension. Overa l l ,  t h e  proposal  r e f l e c t s  a  sound 

approach toward des igning f o r  a  h igh l e v e l  of r o l l  s t a b i l i t y  whi le ,  o therwise ,  

p resen t ing  a  novel means by which load al lowances can play a  cons t ruc t ive  r o l e  

i n  promoting a  wholesale improvement i n  t anker  sa fe ty .  Moreover, such an 

approach, t o g e t h e r  with a  t i l t - t a b l e  s p e c i f i c a t i o n  t o  ensure  t h a t  the  s a f e t y  

b e n e f i t s  a r e ,  indeed,  r e a l i z e d ,  may o f f e r  the  most promising long-term 

countermeasure a g a i n s t  s l o s h  and the  o t h e r  hazards which c o n t r i b u t e  t o  

ro l lover .  

4.3 The Prospect  f o r  Improved P r a c t i c e s  i n  Tank Truck Operations 

Since i t  i s  apparent  t h a t  c e r t a i n  l i q u i d  commodities a r e  commonly 

hauled a s  p a r t i a l  loads  i n  tank t r u c k s ,  t h e r e  is  value i n  consider ing poss ib le  

changes i n  i n d u s t r y  opera t ing  p r a c t i c e s  i n  o rde r  t o  reduce the  s a f e t y  hazards 

due t o  s losh ing  l i q u i d s .  Of course ,  i t  i s  s i m p l i s t i c  t o  suggest  t h a t  f l u i d s  

should not be c a r r i e d  i n  a p a r t i a l - f i l l  cond i t ion  un less  abso lu te ly  necessary. 



Never theless ,  the  i n d u s t r y  i s ,  indeed,  excerc i s ing  judgements i n  the  normal 

course  by which c e r t a i n  p a r t i a l - f i l l  cond i t ions  have been deemed acceptable .  

Perhaps the  most hazardous among these  cond i t ions  would e n t a i l  the  use of a 

c leanbore  v e s s e l  which i s  s i zed  t o  handle a f u l l  g ross  weight load of a f l u i d  

having d e n s i t y ,  X, t o  t r a n s p o r t  an a l t e r n a t i v e  product having a d e n s i t y  of 1.5 

t o  2 t imes X. This scenar io  is  suggested a s  a p o t e n t i a l l y  "most hazardous" 

p r a c t i c e  s i n c e  t h e  denser  l i q u i d  w i l l  be loaded t o  the  same f u l l  g r o s s  weight 

allowance and thereby render  the  g r e a t e s t  l e v e l  of f o r c e s  tending t o  d i s t u r b  

v e h i c l e  s t a b i l i t y  and con t ro l .  C l e a r l y ,  i n  such c a s e s ,  the  p r a c t i c i n g  

i n d u s t r y  has  chosen t o  use the  same t anker  i n  var ious  missions because of the  

economies and f l e e t  f l e x i b i l i t y  which a r e  obtained.  The g r e a t e r  the  

d i f f e r e n c e s  i n  d e n s i t y  of f l u i d s  hauled i n  the  same cleanbore v e s s e l ,  however, 

the  g r e a t e r  w i l l  be t h e  hazard involved and, correspondingly ,  the  g r e a t e r  

se r iousness  wi th  which t h e  opera t ing  indus t ry  should make i t s  judgements 

concerning t anker  usage. 

For any of t h e  cases  i n  which doubles o r  t r u c k / f u l l  t r a i l e r s  a r e  

employed a s  bulk l i q u i d  t ankers ,  i t  seems p a t e n t l y  reasonable t o  suggest  t h a t  

s l o s h  loading of t h e  r e a r  t r a i l e r  i s  t o  be simply ruled out as a p r a c t i c e .  

For any of the  common v e h i c l e  l eng th  dimensions which a r e  seen i n  U.S. 

p r a c t i c e ,  i t  appears  t h a t  the  n a t u r a l  frequency of yaw o s c i l l a t i o n s  of the  

f u l l  t r a i l e r  w i l l  be r a t h e r  near  t h e  l i k e l y  s l o s h  f requenc ies  which would 

p r e v a i l  i n ,  say ,  t h e  25 t o  75 percent  f u l l  condi t ions .  Thus, the  concern i s  

t h a t  the  veh ic le  and s l o s h  modes of o s c i l l a t i o n  might resonate  toge the r  i n  a 

manner which would g r o s s l y  d i s t u r b  v e h i c l e  motions. Although r a t h e r  few 

doubles a r e  configured f o r  bulk l i q u i d  t r a n s p o r t a t i o n  i n  t h i s  country ,  t h e r e  

i s  known t o  be widespread usage of the  t r u c k / f u l l  t r a i l e r  conf igura t ion  f o r  

t r a n s p o r t i n g  petroleum products and o t h e r  l i q u i d s  i n  the  western S ta tes .  

One a r e a  of f l e x i b i l i t y  which the  opera to r  has  wi th  each new tank 

purchase is  the  op t ion  of spec i fy ing  convent ional  compartmentation t o  s u i t  h i s  

opera t ion.  I n  some i n d u s t r i e s  i n  which, say ,  two f l u i d s  of d i f f e r i n g  d e n s i t y  

a r e  t o  be hauled,  a three-compartment tank i s  ordered,  wi th  the volume of the  

middle compartment being such t h a t  the  denser  f l u i d  can be loaded up t o  the  

f u l l  g r o s s  allowance by simply f i l l i n g  the  f o r e  and a f t  compartments. When 

the  l i g h t e r  f l u i d  i s  hauled,  a l l  t h r e e  compartments a r e  loaded. By such a 

planned approach, a good f o r e / a f t  d i s t r i b u t i o n  of ax le  loads  i s  a t t a i n e d ,  and 



s l o s h  i s  avoided. Again, however, economic cons ide ra t ions  w i l l  d iscourage 

many companies from a cau t ious  p r a c t i c e  of t h i s  kind s i n c e  a )  the  o r i g i n a l  

p r i c e  of the  v e s s e l  w i l l  be g r e a t e r ,  and b )  the  t a r e  weight of t h e  tank w i l l  

be g r e a t e r ,  thereby diminishing the  weight of the  payload. Also, t h e  c leaning 

process  is more time-consuming w i t h  the  three-compartment tank than with a 

corresponding c leanbore  vesse l .  

I n  g e n e r a l ,  s l o s h  loading p r a c t i c e s  d e r i v e  from the  many p e c u l i a r i t i e s  

of each type of t r a n s p o r t a t i o n  and a r e  colored by the  economic burdens imposed 

by the  non-slosh-loading a l t e r n a t i v e s .  It i s  u n l i k e l y  t h a t  s u b s t a n t i a l  

changes i n  such p r a c t i c e s  w i l l  occur simply a s  a r e s u l t  of the  sugges t ions  of 

the  government o r  the  resea rch  community. On the  o t h e r  hand, indus t ry  

a s s o c i a t i o n s  may s e e  f i t  t o  draw up g u i d e l i n e s  o r  "recommended p r a c t i c e s "  

which p lace  bounds on the  e x t e n t  of slosh-loading which t h e  c o l l e c t i v e  

i n d u s t r y  cons ide r s  acceptable .  



5.0 CONCLUSIONS 

Based upon examination of t h e  l i t e r a t u r e  and the  conduct of a n a l y s i s  and 

d i r e c t  inqu i ry  dur ing t h i s  s tudy ,  the  fo l lowing conclus ions  can be drawn: 

1) Accident d a t a  do not  c l e a r l y  impl ica te  t h e  r o l e  of l i q u i d  s l o s h  a s  a  

f a c t o r  i n  tanker  a c c i d e n t s ,  except  a t  the l e v e l  of i n d i v i d u a l  inc iden t s .  The 

l a c k  of a  c l e a r  impl ica t ion  does not  c o n s t i t u t e  a  f ind ing  t h a t  s l o s h  i s  

unimportant ,  however, s i n c e  t h e  acc iden t  documentation process  is  c u r r e n t l y  

incapable  of e i t h e r  d e t e c t i n g  o r  u s e f u l l y  coding the  f a c t  t h a t  s l o s h  may have 

played a  r o l e  i n  the  causa t ion  of a g iven t anker  accident .  

2 )  There a r e  a  wide v a r i e t y  of i n d u s t r i e s  which t r a n s p o r t  bulk  l i q u i d s  

i n  a  manner which a l lows a  s i g n i f i c a n t  degree of f l u i d  s losh.  P r i n c i p a l  among 

these  a r e  t r a n s p o r t  o p e r a t i o n s  i n  which mul t ip le  pickups o r  d e l i v e r i e s  a r e  

made i n  a  s i n g l e  t r i p  and those  which employ a  tanker  t o  c a r r y  a  full-weight 

(bu t  not  full-volume) load of a  l i q u i d  which is  s u b s t a n t i a l l y  more dense than 

the  l i q u i d  f o r  which the  tank v e s s e l  was s ized.  

3 )  Tanks which a r e  employed f o r  t r a n s p o r t i n g  bulk l i q u i d s  over the  road 

a r e  designed i n  a  v a r i e t y  of configurations--some of which provide e f f e c t i v e  

c o n s t r a i n t s  a g a i n s t  l o n g i t u d i n a l  s l o s h  but e s s e n t i a l l y  none of which 

incorpora te  f e a t u r e s  f o r  c o n t r o l l i n g  l a t e r a l  s losh .  A s u b s t a n t i a l  number of 

the  a p p l i c a t i o n s  i n  which slosh-loading i s  p r a c t i c e d  involve  the use of 

c leanbore  v e s s e l s  which incorpora te  no i n t e r i o r  bulkheads o r  b a f f l e s  f o r  

achieving any degree of s l o s h  mi t iga t ion .  I n  o t h e r  types  of s e r v i c e ,  the  

common use of tanks  having mul t ip le  compartments appears t o  have e f f e c t i v e l y  

mi t igated the  occurrence of s l o s h  problems. 

4 )  Although a g r e a t  d e a l  i s  known about the  mechanics of s losh ing  

l i q u i d s  i n  t r a n s p o r t a t i o n  t anks  of va r ious  k inds ,  t h e  f l u i d  mechanics may be 

exceedingly complex, and the  s l o s h  motions d i f f i c u l t  t o  g e n e r a l i z e  upon, when 

the  tank con ta ins  b a f f l e s  o r  o t h e r  f low r e s t r i c t i o n s  and when wave amplitudes 

become severe.  Both a n a l y s i s  and experiment has shown t h a t  s l o s h  motions of 

the  l i q u i d  i n  road t ankers  tend t o  a )  t r a n s l a t e  the  f l u i d  mass c e n t e r  i n  the 

h o r i z o n t a l  plane such t h a t  the  simple s t a t i c  load d i s t r i b u t i o n  i s  a f f e c t e d  and 

b) impose h o r i z o n t a l  r e a c t i o n  f o r c e s  a g a i n s t  the  tank. For s imple ,  unbaff led  



t a n k s ,  t h e  n a t u r a l  f r equenc ies  of these  dynamic s l o s h  motions a r e  e a s i l y  

approximated. 

5 )  A s u b s t a n t i a l  body of informat ion i s  a v a i l a b l e  f o r  e s t ima t ing  the  

magnitude of t h e  s losh- re la ted  d i s t u r b a n c e s  which can be expected f o r  va r ious  

tank c o n f i g u r a t i o n s ,  when a s t eady  o s c i l l a t o r y  s t imulus  i s  assumed. For the  

more common c a s e s  invo lv ing  t r a n s i e n t  e x c i t a t i o n ,  the  response of a s losh ing  

l i q u i d  cannot be e a s i l y  es t imated wi thout  e i t h e r  experiments o r  h i g h  l e v e l  

computations. I n  t h i s  r egard ,  both  s c a l e  model l a b o r a t o r y  experiments and 

complex numerical  computations have been shown t o  provide s u c c e s s f u l  means of 

e v a l u a t i n g  t h e  s l o s h  behavior occur r ing  w i t h  s p e c i f i c  tank conf igura t ions .  

Viscos i ty  of t h e  l i q u i d  has  been shown i n  such s t u d i e s  t o  be v i r t u a l l y  

inconsequen t i a l  a s  a determinant  of s l o s h  behavior. 

6 )  Sloshing l i q u i d s  produce no tab le  d i s t u r b a n c e s  t o  road t ankers  i n  

t h r e e  types  of maneuvering c o n d i t i o n s ,  namely, a )  braking maneuvers i n  t ankers  

l ack ing  l a t e r a l  b a f f l e s  o r  compartmentation, b )  s t eady  corner ing  and back-and- 

f o r t h  s t e e r i n g  c o n d i t i o n s  i n  a l l  t y p i c a l  t a n k e r s ,  and c )  combined 

b r a k i n g l s t e e r i n g  maneuvers with c leanbore  vesse l s .  The d i s t u r b a n c e s  occur r ing  

dur ing  pure braking a r e  seen a s  d i s t r a c t i n g  and uncomfortable f o r  t h e  d r i v e r  

but  o therwise  of l i t t l e  importance t o  v e h i c l e  performance. The corner ing 

d i s t u r b a n c e s  a r e  c l e a r l y  of substance  a s  a t h r e a t  t o  mainta ining r o l l  

s tabil i ty-dynamic l a t e r a l  s l o s h  has  been seen t o  reduce the  r o l l  s t a b i l i t y  of 

a t anker  by a s  much a s  50 percent.  Under combined s t e e r l b r a k e  maneuvers, the  

s t r o n g  l o n g i t u d i n a l  s l o s h  occur r ing  i n  c leanbore  s e m i t r a i l e r  t ankers  p laces  

most of t h e  payload weight on t h e  t r a c t o r  and thereby provides  a major l o s s  i n  

the  r o l l  s t a b i l i t y  of t h e  combination. A r t i c u l a t i o n  between the  t r a c t o r  and 

t r a i l e r  w i l l  a l s o  aggravate  t h e  i n f l u e n c e  of t h i s  l a t t e r  type of maneuver on 

r o l l  s t a b i l i t y .  I n  a s e p a r a t e  c a s e ,  t a n k e r s  cons t ruc ted  a s  f u l l t r a i l e r s  a r e  

hypothesized t o  have an e s p e c i a l l y  h igh s e n s i t i v i t y  t o  s losh ing  l i q u i d s  

because t h e i r  i n h e r e n t l y  l i g h t l y  damped yaw behavior may resonate  wi th  the  

s l o s h  ac t ion .  A resonant  i n t e r a c t i o n  of t h i s  type  may p r e c i p i t a t e  an  

anomalous yaw and r o l l  o s c i l l a t i o n  of t h e  t r a i l e r  and,  perhaps,  premature 

r o l l o v e r  i n  a s t e e r i n g  maneuver. 

7 )  The t h r e a t  of v e h i c l e  d i s t u r b a n c e s  a r i s i n g  from s losh ing  l i q u i d s  can 

be mi t iga ted  o r  avoided a l t o g e t h e r  through e i t h e r  the  reduct ion of s losh-  



loading p r a c t i c e s  o r  the  use of more s l o s h - r e s i s t a n t  tanker  des igns .  Slosh 

loading p r a c t i c e s  a r e  c l e a r l y  der ived from t h e  p a r t i c u l a r  needs of each 

involved i n d u s t r y ;  the  d e c i s i o n  t o  accept  s l o s h  loading i s  u l t i m a t e l y  rooted 

i n  t h e  economics of the  opera t ion.  Tankers become more r e s i s t a n t  t o  the  

d e l e t e r i o u s  e f f e c t s  of s l o s h  when they incorpora te  a )  compartments such t h a t  

p a r t i a l  load cond i t ions  can be handled wi th  an  a r r a y  of f i l l e d  and empty 

compartments o r ,  a t  minimum, a r educ t ion  i n  the  s i z e  of the  e f f e c t i v e  s losh ing  

mass i s  obta ined due t o  s e p a r a t i o n  of the  slosh-loaded l i q u i d  i n t o  smal le r  

volumes, b )  b a f f l e s  t o  impede s losh ing  flow, and c )  t r a c t o r  and t r a i l e r  

suspensions which maximize r o l l  s t a b i l i t y  of the o v e r a l l  v e h i c l e  combination. 

8 )  Regula t ions  promulgated by t h e  U.S. and o t h e r  c o u n t r i e s  i n d i c a t e  

t h a t  a )  many j u r i s d i c t i o n s  meaningfully c o n s t r a i n  the  l eng th  of i n d i v i d u a l  

compartments, e s p e c i a l l y  i n  t h e  case  of non-pressurized t ankers  ca r ry ing  

hazardous l i q u i d s ,  b )  no j u r i s d i c t i o n s  requ i re  l o n g i t u d i n a l  b a f f l e s  which 

would m i t i g a t e  the  i n f l u e n c e  of s losh ing  l i q u i d s  on r o l l  s t a b i l i t y ,  and c )  

only a few j u r i s d i c t i o n s  d i r e c t l y  c o n s t r a i n  the  slosh-loading p r a c t i c e s  of 

i n d u s t r i e s  haul ing flammable l i q u i d s  by l i m i t i n g  the  maximum u l l a g e  volume 

which may be a t t a i n e d .  It i s  apparen t ,  however, t h a t  a number of r egu la to ry  

bodies around the  world a r e  c u r r e n t l y  concerned wi th  t h e  improvement of 

c o n s t r a i n t s  placed upon the  des ign  and opera t ion  of t ankers  ca r ry ing  hazardous 

l i q u i d s .  

9 )  The abso lu te  l e v e l  of the  s a f e t y  r i s k  posed by the  opera t ion  of 

t ankers  i n  a slosh-loaded cond i t ion  i s  g e n e r a l l y  unc lea r ,  a l though it  i s  

r a t h e r  c l e a r  t h a t  the  primary hazard category i s  r o l l o v e r .  For gaso l ine  

t r a n s p o r t a t i o n ,  suppor t ing d a t a  have enabled an a n a l y s i s  which p r e d i c t s  t h a t  a 

f u l l y  e f f e c t i v e  s l o s h  countermeasure would only reduce t anker  r o l l o v e r s  by 

f o u r  percent.  This  example i s  not thought t o  be r e p r e s e n t a t i v e  of o t h e r  

i n d u s t r i e s ,  however, whose products a r e  much more f requen t ly  t r anspor ted  i n  a 

slosh-loaded s t a t e .  The "switch-loading" of products having g r e a t l y  

d i s s i m i l a r  d e n s i t y  va lues  i n  the  same, c leanbore ,  t anker  i s  viewed a s  the most 

hazardous type of p r a c t i c e ,  from the viewpoint of p o t e n t i a l  s l o s h  

dis turbances .  

10) Problems posed by the  p rospec t ive  r e g u l a t i o n  of t ankers  t o  r equ i re  

b a f f l e s  and/or compartmentation include a )  c l e a n a b i l i t y  of tanks  used t o  



t r a n s p o r t  e d i b l e s  o r  d i s s i m i l a r  l i q u i d s  f o r  which cross-product contamination 

is  of concern,  b)  the  need t o  provide f o r  access  t o  a l l  por t ions  of the  tank 

t o  e f f e c t  r e p a i r  of t h e  v e s s e l  o r  i t s  plumbing, c )  t h e  need t o  develop the 

e x p e r t i s e  i n  manufacturing and tank s t r u c t u r e s  which w i l l  be required t o  

support  tank des igns  t h a t  a r e  more complex, and d )  the  economic impl ica t ions  

a s s o c i a t e d  wi th  increased tank weight (and thus  reduced payload weight) ,  

increased c o s t  of a more complex t ank ,  and increased c o s t s  a s s o c i a t e d  with 

maintenance and c leaning.  



6.0 RECOMMENDATIONS 

It i s  recognized t h a t  the  U.S. Department of Transpor ta t ion  has the  

mandate t o  promulgate r u l e s  which provide f o r  the  s a f e t y  q u a l i t y  of new 

v e h i c l e s ,  t h e  maintenance of c e r t a i n  s a f e t y  hardware on commercial veh ic les  

engaged i n  i n t e r s t a t e  commerce a s  we l l  a s  the  q u a l i f i c a t i o n  of d r i v e r s  and the  

s a f e  opera t ion  of such v e h i c l e s ,  and s p e c i a l  mandates t o  c o n t r o l  the  

t r a n s p o r t a t i o n  of hazardous mate r i a l s .  The charge t o  t h e  DOT i s  so  broad t h a t  

a v a r i e t y  of poss ib le  a c t i o n  s t e p s  i s  conceivable a s  appropr ia te  response t o  

the  assembled informat ion presented i n  t h i s  repor t .  In a d d i t i o n  t o  r egu la to ry  

a c t i o n ,  however, i t  may a l s o  be t h a t  t h e  d isseminat ion of knowledge on the  

s l o s h  problem prompts s e c t o r s  of the  p r a c t i c i n g  i n d u s t r i e s  t o  v o l u n t a r i l y  

modify t h e i r  v e h i c l e  s p e c i f i c a t i o n s  o r  opera t ing  protocols .  Also, i t  is 

assumed t h a t  some a s p e c t s  of the  s l o s h  t o p i c  have been found t o  be s o  

i n s i g n i f i c a n t  a s  a s a f e t y  concern,  o r  s o  r a r e l y  p rac t i ced  i n  s e r v i c e ,  t h a t  

c o r r e c t i v e  a c t i o n s  a r e  not  warranted. 

The fol lowing recommendations range from i n i t i a t i v e s  which w i l l  b e t t e r  

advise  the  Department on the  magnitude of the  s a f e t y  r i s k s  due t o  s l o s h  i n  

p r a c t i c e ,  t o  a c t u a l  r egu la to ry  c o n s t r a i n t s  which may be acted upon i n  the  

s h o r t  term : 

1) Since t h e  primary s a f e t y  hazard due t o  s losh ing  l i q u i d s  i s  t h a t  due 

t o  r o l l o v e r ,  and s i n c e  r o l l o v e r  i s  p r imar i ly  a s ingle-vehic le  acc iden t  which 

does not t h r e a t e n  t h e  c i t i z e n r y  un less  s p i l l a g e  of hazardous m a t e r i a l  i s  

involved,  we recommend t h a t  the focus  of any DOT i n i t i a t i v e s  t o  mi t iga te  the  

problem of s losh ing  loads  be d i r e c t e d  a t  t h e  t r a n s p o r t a t i o n  of hazardous 

l i q u i d s .  Although gaso l ine  t r a n s p o r t a t i o n  i s  known t o  dwarf the  

t r a n s p o r t a t i o n  volume of a l l  o t h e r  hazardous commodities, p u r s u i t  of 

r e g u l a t i o n s  c o n t r o l l i n g  s l o s h  i n  g a s o l i n e  t ankers  would appear t o  warrant  a 

very c a r e f u l  c o s t / b e n e f i t  a n a l y s i s  s i n c e  the  p ro jec ted  r i s k  of r o l l o v e r  due t o  

s l o s h  i s  seen a s  a smal l  f r a c t i o n  of the  t o t a l  r o l l o v e r  experience.  

Notwithstanding the  smal l  " f r a c t i o n a l "  r i s k ,  i t  may be t h a t  the  abso lu te  



p r o b a b i l i t y  t h a t  a g a s o l i n e  t anker  w i l l  r o l l  over a s  the  r e s u l t  of an 

aggravat ing s l o s h  f a c t o r  i s  g r e a t e r  than f o r  any o t h e r  s i n g l e  commodity. 

2 )  To enable  the  conduct of ana lyses  which can suppor t  a c o s t / b e n e f i t  

de terminat ion on s l o s h  countermeasures, i t  i s  recommended t h a t  DOT c a r r y  out  a 

l imi ted  s tudy t o  monitor the  l i q u i d  load p r a c t i c e s  of a s t a t i s t i c a l  sampling 

of the  c a r r i e r s  involved i n  shipping the  va r ious  hazardous commodities of 

i n t e r e s t .  These monitoring s t u d i e s  could be modeled a f t e r  the  e f f o r t  [ 2 5 ]  

which assessed the  p r a c t i c e s  f o r  t r a n s p o r t i n g  gaso l ine  i n  Michigan. The 

r e s u l t s  of such s t u d i e s  would provide measures of the  e x t e n t  of p a r t i a l  load 

t r a n s p o r t a t i o n  occur r ing ,  toge the r  wi th  i d e n t i f i c a t i o n  of the  compartmentation 

of t h e  tanks  being used. Subsequent a n a l y s i s  can e s t a b l i s h  e s t i m a t e s  of the  

e x t e n t  t o  which the  s l o s h  cond i t ion  of the  load has compromised the r o l l  

s t a b i l i t y  of t h e  involved vehic les .  

3 )  It i s  a n t i c i p a t e d  t h a t  the  worst slosh-load problems of a l l  w i l l  

involve  so-called "switch-loading1' of l i q u i d s  of d i f f e r i n g  d e n s i t i e s  i n  the  

same tank vesse l .  It i s  recommended t h a t  DOT p r i o r i t i z e  any f u r t h e r  study 

i n i t i a t i v e s  t o  focus  on those  opera t ions  which a r e  switch-loading hazardous 

l i q u i d s ,  p a r t i c u l a r l y  i f  the  denser  of the  "switched" commodities a r e  

hazardous substances.  Should a f i e l d  monitoring e f f o r t  confirm t h i s  

hypothes is ,  the  candidate  countermeasures would include a )  mandatory 

compartmentation t o  ensure  c o n t r o l l i n g  the  denser  l o a d s ,  b) l o n g i t u d i n a l  

b a f f l e s  o r  o t h e r  countermeasures t o  the  l a t e r a l  s l o s h  occurr ing i n  an 

u n d e r f i l l e d  v e s s e l ,  o r  c )  banning the  p r a c t i c e  of u n d e r f i l l i n g  through some 

opera t ing  c o n s t r a i n t .  

4 )  We recommend cons ide ra t ion  of a r egu la t ion  s i m i l a r  t o  t h a t  imposed 

by the  ADR (European Agreement Concerning the  Transpor ta t ion of Dangerous 

Goods by Road) requ i r ing  t h a t  tanks  be f i l l e d  t o  wi th in  a s p e c i f i e d  small  

percentage of t h e i r  capac i ty  un less  they have been, f o r  a l l  p r a c t i c a l  

purposes,  emptied. The European requirement s p e c i f i e s  20 percent  a s  the  

maximum u l l a g e  f r a c t i o n .  The s t a b i l i t y  d a t a  suggest  t h a t  20 percent 

c o n s t i t u t e s  a l i b e r a l  al lowance,  a l though admit tedly  much more b e n e f i c i a l  than 

no c o n s t r a i n t  a t  a l l .  Such a b lanket  r e g u l a t i o n  f o r  the  c a r r i a g e  of hazardous 

l i q u i d s  would simply confirm the  good p r a c t i c e s  a l ready  employed by var ious  

s e c t o r s  of the  i n d u s t r y  while o therwise  render ing i l l e g a l  the  slosh-loading 



p r a c t i c e s  which o t h e r s  have decided t o  adopt. Conduct of the monitor s tudy 

recommended i n  i tem 2 ,  above, would permit e s t ima t ion  of the  burden which such 

a  r e g u l a t i o n  would impose upon the  indus t ry  i n  the  U.S. 

5 )  It is  recommended t h a t  t h e  U.S. DOT cons ide r  a  r e g u l a t i o n  on b a s i c  

r o l l  s t a b i l i t y  f o r  a l l  t ankers  used t o  t r a n s p o r t  hazardous commodities. Such 

a  requirement would render  the  regu la ted  v e h i c l e s  more capable of r e s i s t i n g  

the  d e s t a b i l i z i n g  in f luence  of s losh ing  loads  a s  we l l  a s  o t h e r  s t i m u l i  which 

t h r e a t e n  ro l lover .  The r e g u l a t i o n  could t ake  the  form of the  simple geometric 

c o n s t r a i n t s  on t r a c k  width and he igh t  of c e n t e r  of g r a v i t y  which a r e  c u r r e n t l y  

imposed' i n  va r ious  p a r t s  of the  world. A l t e r n a t i v e l y ,  recognizing t h a t  

suspension s e l e c t i o n s  c o n s t i t u t e  a  s t r o n g  determinant of the  r o l l  s t a b i l i t y  

l e v e l ,  the  U.S. could adopt a  r o l l  s t a b i l i t y  performance s tandard employing a  

whole veh ic le  experiment such a s  the  t i l t - t a b l e  t e s t .  The compliance l e v e l s  

f o r  a r o l l  s t a b i l i t y  s tandard could be s e t  a t  e i t h e r  of two b a s i c  ranges of 

performance, namely, 

a )  l e v e l s  which simply r e f l e c t  good des ign p r a c t i c e ,  a l lowing to le rance  

f o r  measurement e r r o r  and manufacturing v a r i a t i o n s ,  f o r  convent ional  v e h i c l e s  

used i n  i n t e r s t a t e  t r a n s p o r t a t i o n  today. 

b )  s u b s t a n t i a l l y  e leva ted  l e v e l s  of performance which would apply t o  

v e h i c l e s  which a r e  allowed a  modest inc rease  i n  g r o s s  weight allowance. Such 

a  concept recognizes  t h a t  s u b s t a n t i a l  improvements i n  s t a b i l i t y  a r e  poss ib le  

but they involve  a  s i g n i f i c a n t  change i n  v e h i c l e  design.  Although the  tanks 

would be s u b s t a n t i a l l y  more expensive,  the  p r o d u c t i v i t y  ga ins  due t o  the  

l a r g e r  payload would v a s t l y  outweigh the  equipment cos t s .  Such a  no t ion  

deserves  c a r e f u l  s c r u t i n y  a s  a  p o s s i b l e  means t o  d ramat ica l ly  upgrade the  

s a f e t y  of hazardous m a t e r i a l  t r a n s p o r t a t i o n ,  recognizing t h a t  t h e  government's 

a u t h o r i t y  t o  r e g u l a t e  t ruck  weights can a l s o  be used a s  a  t o o l  t o  implement a  

change which s e r v e s  pub l i c  sa fe ty .  

6 )  It i s  recommended t h a t  the  s t a b i l i t y  degradat ions  r e s u l t i n g  from 

slosh-loading i n  f u l l  t r a i l e r s  be s tud ied  a t  the  e a r l i e s t  oppor tuni ty  t o  

determine i f  such p r a c t i c e s  should be express ly  forbidden.  Such a  study would 

address  both t r u c k / f u l l  t r a i l e r  combinations and tractor/semitrailer/full 

t r a i l e r  (doubles)  combinations. It i s  expected t h a t  the  l i g h t l y  damped 



motions of the  s losh ing  l i q u i d  and the  t r a i l e r ' s  yaw response w i l l  be 

s u f f i c i e n t l y  c l o s e  i n  n a t u r a l  frequency,  i n  many common c a s e s ,  t h a t  l a r g e  

s t a b i l i t y  degradat ions  w i l l  occur. Should t h i s  hypothes is  be confirmed, i t  

seems reasonable t h a t  the  p r a c t i c e  of loading f u l l  t r a i l e r  t ankers  i n  a s l o s h  

cond i t ion  should be banned. The primary indus t ry  a f f e c t e d  by such a 

c o n s t r a i n t  would be the  t r a n s p o r t e r s  of petroleum f u e l s  on the  West Coast. 

While the  c u r r e n t  s tudy has focused on the  s l o s h  i s s u e ,  i t  i s  worthy t o  note 

t h a t  ample evidence e x i s t s  to  ques t ion  the  b a s i c  s u i t a b i l i t y  of t r u c k / f u l l  

t r a i l e r  combinations a s  a means f o r  t r a n s p o r t i n g  hazardous commodities [ s e e ,  

f o r  example, 4 , 3 8 , 3 9 , 4 0 ] .  



APPENDIX A 

EXAMPLE LAY OUT SKETCHES SHOWING COMR ARTMENTATION AND 
TRANSVERSE BAFFLES IN COMMON TANK DESIGNS 

(Sketches courtesy of Fruehauf Liquid 
and Bulk Tank Div i s ion )  



4500 Coupler Load 26500 
12000# Total 34000ik 

Tank & Load 29550 
Total 34000# 

Figure 30. Typical Gasoline Tanker - 9,000-Gallon Capacity 
Compartmented to handle fuel oil as an alternative load 
4 compartments plus 6 transverse baffles 
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7500 TRACTOR 7500 
3000 TANK h LOAD 26500 

10500 TOTAL 34000 

CHASSIS 4925 
TAAJK&LOAD 29075 
TOTAL 34000 

F i g u r e  31 .  General Chemicals - 6,500-Gallon Capacity 
Insu la ted  v e s s e l  
Clean bore constrr lct ion 





- 5 5 '  -4y' O v e r a l l  T r a c t o r - T r a i l e r  Length 
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TRACTOR 
Wts. & D i m s .  
Assumed 

O.A.H. 

4500 Tank & Load 26500 Tank 61 Load 29680 

12000# T o t a l  34000# T o t a l  34000# 

Figure 33.  Asphalt - 6,700-Gallon Capacity 
Insulated vesse l  
Single compartment, 2 transverse b a f f l e s  



54' -8" O v e r a l l  T r a c t o r - T r a i l e r  L e n g t h  
4. L 

4 3 ' - 2 "  Approx. O v e r a l l  T r a i l e r  Length  - 
108" 554" , *KING PIN 457%" Tank Proper  - 35" - - 

TRACTOR 2 6 "  TANDEM 4044" - ,  - I  37Ih  
Data Assumed C.G. Tank & Load I 

f 
204%" J 5838011 TANDEM 4 

3000 C o u p l e r  Load 2 6 5 0 0  
10500# T o t a l  34000# 

Tank & Load 29 5 70  
Tota 1 340008  

Figure 34. Industrial Waste - 5,300-Gallon Capacity 
Single compartment - 3 transverse baffles 



$75.11 c 
7 . A .  - 9  
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70008 Tractor & Coupler 70b0t Chass i s  43 l o #  
I 

2800 T a ~ k  & Load 26650 Tank & Load 29340  

9 C O O I  Toral 336501; T o t a l  33850% 

Figure 35. Liqu i f i ed  Petroleum Gas and Anhydrous Ammonia - 11,500-Gallon Capacity 
B u i l t  t o  spec #MC 331 and ASME Bo i l er  Code 
Clean bore v e s s e l  



4500 a Coupler Load 26500 
12000# Total 3400W/ 

Tank & Load 29550 
Total 340001/ 

Figure 36.  Typical Gasoline Tanker - 9,000-Gallon Capacity 
Compartmented to handle fuel oil as an alternative load 
4 compartments plus 6 transverse baffles 



53'-6%" Over-all Tractor-Trailer Length --- 

2800 Tank & Load 2G650 
9E00# Total 336508 

Tank & Load 29340 
Total 33850# 

Figure 3 7 .  Liquif ied Petroleum Gas and Anhydrous Ammonia - 11,500-Gallon Capacity 
Built to spec  #MC 331 and ASME Boi ler  Code 
Clean bore v e s s e l  



54' -8" Overal l  T r a c t o r - T r a i l e r  Length - - 
43'  -2" Approx. O v e r a l l  T r a i l e r  Length - 

108" 457%'' Tank Proper 35" 

TRACTOR 
Data Assumed C . G .  Tank & Load 

3000 Coupler  Load 26500 
10 500# Tot  a 1 34000# 

Tank & Load 29570 
T o t a l  34000W 

Figure 38. Industrial Waste - 5,300-Gallon Capacity 
Single compartment - 3 transverse baffles 
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