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BULKHEAD DOOR - CRITICAL EVACUATION STATES
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ABSTRACT

The article is a preliminary to a modification concept of the sliding watertight bulkhead door used on ships and vessels.
Hydraulic or electro-hydraulic drives used to move these doors require complicated and extended pressure installations
with large amounts of hydraulic fluid. Well-known operational drawbacks of these installations include high level of
noise and possibility of various leaks in the hydraulic system. Being the first in a series, the present article describes
and analyses critical states which can take place during evacuation of people through openings in the watertight

bulkhead doors on seagoing ships and vessels.
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REGISTER’S REQUIREMENTS
AND TECHNICAL CHARACTERISTICS
CONCERNING BULKHEAD DOORS

Register’s requirements [11]: Each power-operated sliding
watertight bulkhead door: shall have a vertical or horizontal
motion and shall be normally limited to a maximum clear
passage width of 1,2 m. The Administration of the flag State
may allow a wider door, but only to the dimension considered
necessary for proper operation of the ship, provided that other
safety measures, including those below listed, are taken into
account. In particular, special consideration shall be given
to the strength of the door and its closing devices to prevent
leakages. The door shall be situated beyond the damage zone
B/5. It shall be kept closed when the ship is at sea, except for
limited periods established by the Administration of the flag
State as absolutely necessary. The door shall be fitted with
necessary equipment to open and close it using electric or
hydraulic power, or any other form of energy considered
acceptable by the Administration of the flag State. Moreover,
the door shall also be provided with an individual hand-
operated opening and closing mechanism. It shall be possible
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to open and close the door by hand at the door itself from
either side, and, additionally, to close it from an accessible
place above the bulkhead deck using an all-round crank
motion or some other movement providing the same degree
of safety approved by the Administration of the flag State.
The direction of rotation or other movement of the controller
is to be clearly indicated on all operating positions. The time
needed to close the door completely using the hand-operated
system shall not exceed 90 sec when the ship is in upright
position. The door shall be provided with controllers for
power-operated opening and closing from both sides, and for
closing it from the central operating console at the navigating
bridge [3, 4, 12, 14].

Technical characteristics assume that: the watertight
bulkhead door meets the requirements of the SOLAS
Convention and those of Classification Societies and
Institutions. The regulations and approval of the Classification
Societies are agreed with the producer. The door structure
is made of steel and welded. The door is installed by direct
welding of its frame into the watertight bulkhead. The
direction of motion of the door slider is horizontal. The closing
direction is defined when looking at the watertight door from



the drive unit side (Fig.1). The permissible load capacity of the
door is determined by the buyer when ordering. It is expressed
as the maximal water head which can load the door (2, 3, 5,
6, 10]. This water head is measured from the lower edge of
the door to the lower bulkhead deck surface in the centre
plane of the ship. The electro-hydraulic or electric drive is
installed on the door [11].

Use: The watertight door is used for watertight blockage of
communication passages in watertight bulkheads on seagoing
passenger and cargo ships, yachts, and drilling platforms.

Fig.1.View of the bulkhead door being the object of critical evacuation state
analysis [Remontowa Hydraulic Systems Sp. z 0.0. Gdansk]

The reported research aimed at describing and analysing
critical states occurring when closing a single door opening, or
asequence of door openings. The goal of the research has been
reached via analyses and assessments of models of probable
states/relations between door openings and individuals.

MODEL OF EVACUATION ELEMENTS
AND RELATIONS

It was assumed for the purpose of the present analysis
that the initial model of an individual passing through the
opening is the 1D individual, and that the individuals are
always configured with their longer axes perpendicular to
the direction of motion of the door.

The state of individuals is described by the probability
distribution of shape features (overall dimensions) of the
evacuated people [3, 9, 15]. Since the individual in the door
is subject to the same danger process in each door opening,
the state is indexed by the number of doors in particular
bulkheads along the evacuation route (1) and the number
of danger (m):

lox

ol (0.0 ] [00) [ prdl =1, (1)
where:

p' - probability distribution of shape features,

A maximal shape dimension of the evacuated individual.

Since moving to the next door involves passing through
the danger process, n < m, then the safety state in the first

door opening before the first danger is pg and is the initial
state. Hence, it can be described using a function concentrated
around [ .

Safety state changes depend on two mechanisms, which
are: closing the analysed space, and removing individuals of
given size from it. Ultimately, the model of individuals should
take into account three degrees of freedom of their position
and motion with respect to the door opening. In the examined
case, the space occupied by the same number of individuals
can vary depending on their size and shape distributions.

A basic goal of modelling was to obtain a mathematical
relation providing an answer to the problem question about
filling of the door opening, i.e. how particular factors, such
as design and performance features for instance, affect the
dynamics of door passing by individuals, and what is the
capacity of evacuation of individuals, for the watertight
bulkhead door structure produced by the Remontowa
Hydraulic Systems, Sp z 0.0. [4] selected as an example.
Additionally, the research was expected to bring more details
on the complexity of phenomena, processes, and relations
observed during emergency evacuation of individuals in
multi-bulkhead and multi-door variants.

Passage conditions: The motion of individuals through the
bulkhead door opening is uneven, due to design properties
of the structure and individual features, including danger. It
starts when the surface of the sliding door does not coincide
with the surface of the bulkhead door opening. Then, the
cross-section of the door opening becomes smaller due to
sliding motion of the door, until the opening is completely
closed. When the door surface closes effectively the opening
cross-section, the passage process ends. For the purpose of the
present analysis the following simplifications were adopted:
1) the door opening cross-section is a convex [8, 13],

2) the volume of the opening is a cuboid (Cartesian product
of opening cross-section and door thickness),

3) ata given time, the opening can lead to only one opening
in the adjacent door.

Moreover when calculating the evacuation capacity Ve,
the following parameters and symbols were adopted in
mathematical considerations:

Ve = f(yn 537, VM) @

where:

Ve - evacuation capacity,

y, - thickness of door #,

7% — minimal height (at door end) to which the individual
fills the opening in the n-th door after k-th successful
passage,

V" —volume of the individual in the #-th door opening after
m-th passage.

To verity the adopted conditions in practice, the analysis
was performed for a structure in which the doors in successive
bulkheads labelled with even numbers have the velocity equal
to v,=0, while the doors with odd numbers have the identical
linear velocity equal to v,.
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Conditions for filling and passing capacity. The passing
capacity of the door opening is schematically illustrated in
Fig. 2.

[>

Fig. 2. Functional scheme of evacuation bulkhead door:
1 - sliding door, 2- bulkhead wall

When the intersection (common area Sc) of the opening
in the bulkhead wall and door opening areas is maximal,
its starts to decease. In a general case, the opening is fully
opened and cannot be closed, as the entire intersection area
can be filled with individuals. To determine the critical state
of evacuation, a phase of relative motion of individuals is to be
found for which the entire intersection of the door plate and
opening areas is filled with individuals. Here, the following
simplifications were adopted:

1. Each opening was unambiguously assigned its cross-section
point, the geometrical centre for instance. Thus, phases of
relative motion of the bulkhead door with respect to the
opening in the bulkhead wall can be described by the linear
distance a between the geometrical centres of the door and
the opening. Limits for the range of a were marked a , a,.
Functions (CW, D, G) were defined which, for the assumed
Aa, return the intersections of the door/opening areas in
the successive bulkhead walls, according to the evacuation
direction. The symbol a,__represents the distance for
which the function |CW| reaches the maximum (if the
function reaches more than one local maximum a, then
a__ isthehighest of them). A simplification was assumed
that the acceleration components gp, g are parallel to
each other (they only differ by value, as a result of door
motion with respect to the opening). Symbols V¢, VP,S¢,SP
denote, respectively, the volumes of door and bulkhead
wall openings, and their areas.

2. For the given vector § € R, the plane Hg was established
which is parallel to this vector and tangential to the
boundary of the set CW(a)*{0}. Two planes of this type
can be found, one positioned below the set CW(a)*{0} and
one above it (the existence of exactly two tangent planes
results from the intersection of the cross-sections). For the
purpose of the present analysis the plane was chosen which
crosses the space of the door opening. It represents the
areca of the individual at the time when the closing begins.
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The cuboid G(a) x [0, y,] €R® was divided by the plane Hj.
The volume obtained below the plane was identified as

Vgli)(a) = fD min {yn, HgD(SD)} kp-tp-sp @)

where:

VED - design volume of the door opening,

y, - thickness of the n-th door (opening),

H; - plane of varying division of the door opening,

g
s, —door opening width
k, - door opening height,
t, - door opening thickness.

In the relative motion phase, this function assigns the
individual its volume remaining in the evacuation opening
when the closing starts.

4. In the similar way the cuboid D(Ao)*[-y,  ,0]cR* was
divided by the plane Hj. The volume obtained below the
plane was identified as

Vig(@) J, min {Yn+1: Hg (s¢) + Yn+1} kg tg-sq (4

where:

Vis(a) - design volume of the opening in the bulkhead
wall

Hg ¢ — division plane of the opening in the bulkhead
wall,

Y, - thicknessof the n+1-th opening (bulkhead wall)

Se - width of the opening in the bulkhead wall,

k, - height of the opening in the bulkhead wall,

t, - thickness of the opening in the bulkhead wall.

In the relative motion phase, this function assigns the
individual its volume remaining in the bulkhead wall when
the closing starts.

The expression (V) Vj.)(a), is a decreasing function within
the range of a € (a, , a,). After its inversion, the phase of
motion is obtained in its image at which the closing starts,
for a given volume of individuals in both door openings.

a, (V)= (V2 +V5) ™) (5)

where:

a (V) - instantaneous horizontal dimension of bulkhead
door opening,

V' - door opening volume.

This function was extended to include the set [0, VP+ V7],
by moving a, to the leftand a___to the right of the primary
domain of the function.

When the closing begins, the area of the intersection for
the given volume is:

Se_|(cw- (2 +vE) |10 vP + Ve SR (@)

where:
S_- intersection area of the door opening and the bulkhead
wall,

VP - maximal volume of the door opening,
V¢ — maximal volume of the bulkhead wall.



This is an increasing function - for higher numbers of
individuals in the door openings the danger of blocking
(appearance of critical state) begins earlier, when the
intersection area is relatively large.

The obtained function can be considered the function
of four variables, which are: total volume of individuals in
the openings, direction of the effective component, and
values of the acceleration components in the adjacent door
openings (if exist) S: [0, VP+ V] x $'x R x R, — R. This
function is to be determined numerically and interpreted as
the representation of the coded effect of shapes of openings
on the evacuation process for different directions of effective
evacuation acceleration vectors.

MODEL DISCUSSION

It was assumed that the density of distribution of
individuals in the evacuation openings is known for the
given door mechanism (object) and does not depend on
the distribution of overall dimensions of the individuals
moving through the bulkhead door opening, and that the
evacuation is only executed in the direction perpendicular to
the bulkhead surface. After passing through the door opening
in a bulkhead on the evacuation route (Fig.3), the intersection
of the evacuation cross-sections decreases and the closing
process starts. For safety reasons it was assumed that none
of the individuals passing through the opening becomes
jammed. When analysing possible evacuation variants it was
also assumed that the positions of individuals with respect to
the plane on which the door is sealed is random with uniform
distribution.
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Fig. 3. Scheme of filling of the bulkhead/door unit

//////
W

N

N

7

/2

~
NN

\\\ \
\\\%
\\\\\
N

The danger always occurs in the space of the door opening
and in the intersection area S, = S.(V;* + V;,) . Thus the
critical distance in front of the closing plane is:

hP = fw(ac) min {an H§D (SD)} kp - tp - sp (7)
hP - design thickness of bulkhead door.
While behind the closing plane:

h¢ = fw(ac) min {J’n+1' —Hg. (SG)} ke te - sc ®)

h¢ - design thickness of bulkhead wall.

The probability that, after closing, the individual appears
on the other side of the bulkhead, in the volume behind the
division plane (x, x + dx) is:

lmax 1 d
+fl —Txp(l)dl ©)

min hp

Pn nrdx _pn hD

where: x, x + dx — crosswise shape dimension limits of the
passing individuals.

The first term represents the probability before closing. It
should be decreased by the probability that the individual
of size x appears in the closing area. This probability is
expresses by the product of the probability of appearance of
the individual of size x and the ratio x/h” (the individual has
to get within the range (0, x) (0, hP)). The third term is the
probability, integrated from x to [, that the individual of
size I(p(l)dl) appears in the closing plane I/h".

After adopting the above assumptions, the distribution
of sizes (overall dimensions) of individuals which appear in
the space in front of the (n + 1)-th bulkhead door, changes
in the following way:

Py () =

1 Lmax
Al = (1= 35) RGO + 55 /7 Pt L (10)

A, - stochastic operator of the equation.

In the same way, the distribution of sizes (overall
dimensions) of individuals which appear in the space behind
the bulkhead door is:

(1=35) Pt + 36 [ pu(Dal - (1)

Pt (x) = Bympy' =
B, m — stochastic operator of the equation.

It is noteworthy that the volume of individuals which
are subject to passing is, in general, integer. The volume of
individuals which passed to the next space is S x h”, while
the volume of the entire group of individuals which crossed
the bulkhead door opening is: V2 (a) —

That means that the second and third term in (11) are to
be multiplied by the ratio of these volumes:

sm+1 — P m _ _ Scx
Pt (%) = Bympn' = (1 PPV

).Dn () + Wflmxpn(l)dl (12)

The obtained functions are nonnegative, as the sums of
two nonnegative components. By integrating them from 0 to /
we can easily check that they have the form of probability
distributions:

1 lmax (lmax X
h—Gf f Pn (l)dldx =1- h_G

lmax
f Py (x)dx =
o

1 Lmax 1 lmax
+h_ fpn Ddxdl=1— th xpp(Ddx =1

and identically for the distribution A7%1. Hence the operators
A, and By, are correctly defined stochastic operators.
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Assuming, for simplification purposes, that after closing
the door the distribution behind the (n+1)-th opening is
uniform, it is expressed by the weighted average of zp/;, ;!
and pniy"

v —1 , VP-yn
s it + L

pry1(x) = Bympn'(x)  (13)

The scope of evacuation group filling, i.e. the efficiency
of the passing process depends on the values of the volume
functions (V'?, V ¢) for the door and bulkhead wall openings,
and on the intersection of these openings (S ), which depends
on the direction of effective evacuation and on the total
volume of individuals in those openings (Vi, + V™).

CONCLUSIONS

The term “watertight” with respect to a structure means
that it does not allow water to penetrate through it in any
direction, under the water head pressure which can occur in
undamaged or damaged state [1, 7, 14, 15].

The watertight emergency door meets the requirements of
the SOLAS Convention and those of Classification Societies
and Institutions. For the time being, the issues of critical
states during evacuation of large numbers of individuals
through a single opening of the closing bulkhead door have
not been analysed.

Based on the analysis and evaluation of the proposed
models, the article presents formal description and
geometrical and kinematical analysis of critical states of
single and sequential door openings during their closing,
thus reaching the assumed goal of the research. The scope
of the analysis includes models of probable states/relations
between openings and individuals, when evacuating the
individuals, in critical conditions, through single and multiple
door openings.
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