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ABSTRACT

\xlThis manual contains a procedure for the design of
stacks on U.S. Naval ships based upon the experience
already gained by the Navy as well as commercial ship
stack design practices. The techniques described in de-
tail include design guidance for the height and shape of
exhaust gas stacks, prediction of plume trajectories, es-
timation of downwind plume gas temperatures, and model
testing techniques. The manual is divided into two parts.
The first part contains a step-by-step procedure, with
examples, for auxiliary vessels with conventional stacks
and combatant vessels with low profile stacks. Design
tools are included in the form of tables, graphs, com-
puter programs, etc. The second part of the manual con-
tains the basic rationale, historical and experimental
foundation for the design practices as well as a sec-
tion describing model testing techniques. In addition,
problems unique to Naval ships, such as air operations
and temperature limitations of topside electronics gear,
are discussed.h\
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NOMENCLATURE

v (VERTICAL) ’ : ’
: 4

7. —

x (DOWNWIND)

Exhaust pipe area (total for one or several pipes).
Equivalent exhaust pipe diameter = (4As/ﬁ)%
Equivalent exhaust pipe radius = Dg/2

Ship speed

Velocity of stack gas exhaust averaged over the
exhaust area

True wind speed

Average horizontal laminar wind velocity (relative)
Velocity ratio

Average stack gas exhaust temperature

Ambient wind temperature

Plume centerline temperature (along the plume)
T, - 7T
Temperature ratio = H

-
Yaw angle of relative wind

Gravitational constant
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NOMENCILATURE (Continued)

Plume length measured along plume

Kinematic viscosity of wind

Density of wind

Density of stack gas at stack exit

Maximum plume radius at a point, S, along the plume

Plume temperature, T, at radius, r, at a point, S,
along the plume

Ship Reynold's number = Vst/vw
Characteristic length of ship model
Stack exit Froude number = Vs/(QRB(Ts - TO)/Tm)%

Horizontal distance downwind from stack exit center-
line

Vertical distance above stack exit

Stack Reynold's number = D V_/v_

Local flow Reynold's number = XV, /v,
Tnmperature.in degrees Fahrenheit
Temperature in degrees Rankine (OF + 459.67°)
width of stack casing at base

Uptake duct extension/b

Height of stack exit above datum/b
Interpenetration/b

Turbulent sone height above datum/b

Interpenetration fraction
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NOMENCLATURE (Concluded)

Buoyancy length scale

Momentum length scale = Rg Vg/Vy
Mass flow ratio = ﬁa/ﬁs

Mass flow of mixing air

Mass flow of stack gas

Plume temperature ratio

pore
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1.0 DESIGN GUIDANCE

1.1 Design Procedure

This section of the Stack Design Manual contains a spe-
cific stack design procedure that is geared to coordinate
with the complete ship design. The design process has been
divided into three steps which are:

1. Conceptual Design
2. Preliminary Design
3. Contract Design

The contents of this procedure and its relationship
to the complete design process is illustrated in Figure 1-1.
This manual also includes two worked examples. The ships
are the AO 177 and the Patrol Frigate (FFG 7). The former
is typical of an auxiliary vessel and the latter is an ex-
ample of a small combatant ship. The type of naval ship
being considered will have a large effect on the design pro-
cedure to be followed.

1.1.1 Conceptual Design

The conceptual stage of stack design is a first cut
study that can be executed quickly and which will roughly
indicate any major problems with the design. Two elements
are involved, the turbulent zone of air flow over the ship
and the design of the stack. The object is to design the
stack so that the exhaust gas plume is projected far enough
above the turbulent zone boundary that little mixing takes
place, see Figure 1-2.

1.1.1.1 Superstructure Design and Turbulent Zone Height - The
height of the turbulent zone is a function of the superstruc-
ture geometry. The first data reviewed should be the topside
arrangements, deck plans, and outboard profile. Examination
of the arrangement drawing can reveal potential ways of
lowering the turbulent zone height. Ower and Third [4]l have
systematically organized formulae and diagrams to predict
turbulent 2zone height for various superstructure shapes of
interest. Appendix A contains extracts from the paper by Ower
and Third. The height (h) of the boundary above the highest
deck can be considerably reduced by suitable rounding of the
edges of the superstructure, particularly in elevation. Struc-
tures with less length than breadth generate higher turbulence
boundaries than longer structures, and the benefits derived
from rounding edges are lost.

larackets [ ] denote references.
1-1
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FIGURE 1-1: STACK DESIGN PROCESS
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1.1.1.2 Stack Gas Design Data - In the design of a stack
certain input data are required. One item is the ship
operating profile, which is usually presented in the form
of a nomogram with velocity range vs. percent time the ship
will be operating within that range, also called the speed/
time profile.

Engine exhaust characteristics are also needed.
The characteristics include volume flow vs. ship speed
and exhaust temperature vs. ship speed. For example of how
these data are applied, see page 1l-29and page 1-33,

1.1.1.3 Velocity Ratio Calculation - The first step in stack
design is to estimate the exit velocity of the stack gas (Vg).
With that velocity, the velocity ratio (ratio of stack to
wind velocity) can be formed.

Stack area is calculated using the minimum acceptable
backpressure at maximum power. Backpressure is specified by
the engine manufacturer, or in the case of steam plants,
taken from boiler backpressure criteria. If no other data
are available the following procedure can be used to approxi-
mate exhaust velocity at full power.

Calculate the exhaust stack exit flow area (Ag) and
equivalent diameter (Dg = v¥Ag/7) with the following data,
assuming no major obstructions in the duct flow path; use
the exhaust volume flow (ft®/sec) from engine characteris-
tics, and the maximum exhaust velocities (ft/sec) from
table 1-1.

Table 1-1 Stack Exit Velocity

Ship Stack Stack Exit Velocity (ft/sec)
IClass Height

Steam Gas_Turbine
All - Stack Height Abv. Tur- 130 180

bulent 2Zone

All -~ Low Profile Stack 180-200 250

Por the purpose of this manual, 40 kts is taken as the worst
absolute wind speed. This velocity corresponds to the wind
velocity in the North Atlantic that is annually exceeded
about 2 percent of the time. Higher wind speeds will cool
the plume faster and can be expected to contain more turbu-
lence.

1-4




With Vg and Vv the velocity ratio (Vs/Vw) can be
calculated. The acceptability of the velocity ratio in terms
of effectiveness in ejecting the exhaust gas plume clear of
the ship is determined through comparison with previous de~
signs. A table is then assembled in the form of Table 1-2
which contains the velocity ratios for the ship speeds being
considered and a head wind and tail wind of 40 kts each. The
resulting velocity ratios are compared to the values of
Table 1-2 and adjustments of stack area are made if the values
fall far below these limits. A check should be made so
that at some fairly low power setting, such as cruise, the Vs/
Vw should not fall below 1.0. This checks well with A0 177
in Table 102 and also with the experience of Nolan [1, p. 22].




Table 1-2 Velocity Ratios for Various Ship Types
40 Knot True Wind Speed (Vi)

ship
, v Vg/V Vg/Vy
Ship Type Povwer Level sii:d Oﬁ Ft/gec Headwgnd Tailwind
Combatant Max 30 1257 236 2.00 14.60
Destroyer (a) Cruise 20 1090 152 1.50 4.45
(DG/AEGIS) Idle 10 953 54 .64 1.06
Combatant Max 28 1240 264 2.30 13.20
Frigate(a) Cruise 20 1110 186 1.85 5.46
(FFG 7) Idle 5 1060 56 .56 .95
Auxiliary Max 21-23 1320 130 1.24 4.28
Tanker (b) Cruise 20 1275 105 1.04 3.11
(A0 177) 15 kts Ahead 15 1250 63 .68 1.47
10 kts Astern =10 1260 88 1.70 1.04
Helo- Max 25 1310 234 2.13 9.24
carrier Sustained 22 1317 251 2.40 8.26
(Sea Co?trol Half Throttle 17 1182 161 1.70 3.97
ship) (2 Slow Ahead 9 1127 131 1.58 2.50

(a) Low profile stack design

{b) Stack height penetrates boundary layer

1-6




1.1.1.4 Stack Shape and Height - Background and rationale
for this technique 1is presented in Section 2.4. See Figure
1-2 for a definition of terms. The design procedure follows:

(a) Determine the height of the turbulent zone (h;)
with procedure described in Appendix A. Refer to Section
1.1.1.1.

(b) Determine the casing shape and the projection
of the exhaust smoke pipe above the top of the casing. Figure
1-3 presents offsets for various stack shapes. Figures 1-4
and 1-5 from Reference [5) gives the interpenetration (h')
of the plume as a function of velocity ratio for a number of
model stacks. The largest (absolute) value of interpenetra-
tion (h') possible is most desirable. These stacks were
tested individually in a region of laminar flow. Referring
to Figures 1-4 and 1-5, the streamlined uptake (No. 2) consis-
tently shows good performance. Special tops were included in
the model series to preserve the benefits of a projecting
uptake and improve overall appearance of the stack. All the
stacks in these plots have projecting uptakes that extend
above the casing top 0.475 times the casing width at the base.
Successful designs with projections as small as 1/4 to 1/2
of this extension have been achieved. Extension values of 2
to 4 feet or about 1/4 to 1/3 of the base width have consis-
tently given good results in more recent model tests conducted
by the U.S. Navy and may be used. The plots can be used for
stack designs that can be approximated by the stacks included
in the model series. The choice of casing shape depends on
the selected critical yaw angles that are likely to present
problems, see section 1.1.2.2. A + 30° yaw angle (wind angle
off-t?e-bow) is standard for air operations on U.S. Naval
vessels.

(c) Two basic rules were formulated by Ower and
Third ([S5] for stack casing design: Rule 1 - the lower boun-
dary of the smoke plume may be allowed to penetrate the zone
of turbulence created by the ship's structure to a vertical
depth in accordance with the following table.

TABLE 1-3 Interpenetration Fraction

Interpenetration Fraction
Interpenetration (h')

Allowed (p)
Above -0.5 .35
-005 tO ’1.5 .50
ulw -105 070

1-7
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Rule 2 - The lower boundary of the smoke plume must not
descend below the stack top by an interpenetration dis-
tance (h') greater than two stack widths (2b). For stack
heights of less than 2 b, the allowable interpenetration
distance is reduced accordingly. This rule is applicable
to all angles of yaw between + 30°.

(d) If no criteria exists for determining the
maximum yaw angle for design, determine the value as illus-
trated on Figure 1-6. Construct a line aft of the stack
centerline with a downlook angle of 20°. Extend the in-
tersection radially to the beam of the ship. This angle may
be between 10 and 20 degrees. At yaw angles greater than 20
degrees, the smoke plume pagses off most ships' decks before
penetrating the turbulent zone. Rule 1 can be ignored if
the 20° downlook angle does not intersect the centerline
of the ship. If the maximum yaw angle is greater than 20°,
use 20° in the next calculation.

(e) Calculate velocity ratios at full power for a
true wind of 40 knots and the maximum yaw angle for rule 1
by using the following:

sin {180-(® + arc sin ((sin 0)(V,/Vp))))

\' [1.1)

8in(6)/Vg
where
Vh = Relative wind speed,
Vp = True wind speed,
vA = Ship speed, and
6 = Yaw angle of relative wind.

The velocity ratio is then, Vg/V,

(f) Pick values of h' from Figures 1-4 and 1-5 for
the velocity ratio and type of stack selected. Then pick
appropriate values of p from Table 1-3.

(g) - Use Equation 1.2 to determine the minimum
stack height based on Rule 1 for zero yaw and maximum yaw.

H=hg (1 -P) =h' (1.2]
(h) Use equation (1.1) to determine the vV, for 30°
yaw and a true wind of 30 knots. Check compliance of the

velocity ratio under these conditions with Table 1-4 to
satisfy Rule 2.

1-11
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(i) If Rule 2 is not satisfied, increase the V
and calculate a new H by going back to (b) and reiterating.

1.1.1.5 Plume Trajectories and Isotherms - Plume trajectories
and isotherms are to be drawn directly on the ship's profile.
To predict plume trajectory and temperature, the following
equations should be applied. (The derivation of which is
found in Section 2.2). A step-by-step method for determining
the expected peak temperature at a given topside location

due to gas turbine exhaust gases is illustrated below.

(a) Plume Trajectory - Determine the velocity ratio
(Vg/Vy) which has a trajectory through the X and Y coordi-
nages of the selected topside location from equation 1.3.
Criteria for critical velocity ratio and operating conditions
was presented in Sections 1.1.1 and 1.1.2.

Y _ N(V/V,) (X/R)°" S
D

[1.3)
0.50
(2.4 + 0.3 VB/VQ)

Where:

1.15 for one exhaust pipe

0.86 for more than one exhaust pipe

Horizontal distance from stack centerline, ft.
Vertical height above stack exhaust, ft.

Equivalent diameter of stack exit area, ft., -vMA'/n

OKXZZ
NHNRN

(b) Temperature at the Centerline - Calculate the non-
dimensional plume temperature ratio (¢). Calculate the maxi-
mum plume temperature (dual engine operation) from the rela-
tionship given in Equation 1.4.

Tm - ar” (vs/vw)o.zs
A e

[1.4)
Tg w (s/Dg)

where
Tm = Plume centerline temperature, °F, = ¢ (Tg - T, ) + T
Tg = Average stack gas exhaust temperature, °F
T, = Ambient temperature, °F

8 = Plume length measured along the plume

1-14
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Usipg equation 1.4, s/Dg is easily plotted along the >lume
trajectory by using a tick strip to measure distance along
the trajectory.

(c) Plume Radius - Finally the radius of the lowest
trajectory should be plotted to show the lowest extent of the
plume boundary by using the following equation.

1

r, = R, + [2 (0.15 + 1.2/(Vg/V,)) = EEET ] Y [1.5])
where

F. = Vs _ Vs

= P, = P - = T, 0:5
R (gry/(=——B)%-5  (gr / 8=
P s T,

and

Rg = Equivalent radius of stack exit = DS/Z

g = gravitational constant

P, = Density of wind (at standard conditions)

p = Density of Stack gas at exit.

The profile drawing with plume trajectories, isotherms
and radii allows the designer to estimate the typical tempera-
tures in heat sensitive antennae, weapon systems and other
components. (See Appendix C for information about the heat
sensitivity of mast mounted equipment.) It also allows him
to check for reingestion of exhaust gases, exhaust gas in
crew areas and the possibility of plume interference in air
operations (See Appendix B for information on air operations.)
At this point, adjustments can be made in topside arrangements.
This would necessitate an interaction with other design groups.
A re-evaluation of Section 1.1 may be necessary after this in-
teraction.
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1.1.2 Preliminary Design

Assuming the general design parameters have not changed
sufficiently to warrant a reiteration of part 1.1, the next
step in the design process, stack design and model testing
is usually coincident with Preliminary Design. The general
flow problem is not well enough understood to predict the
effect of yaw and local obstructions without model testing.
Hence the present design technique consists of first studying
headwind and tailwind conditions (Section 1.1.1), and then
making empirical judgements concerning performance at all
yaw angles. When an acceptable design has been derived in
this manner, it is normally then model tested.

l.1.2.1 General Stack Shape Design Guidelines - Ower and Third
[5] have written an exhaustive paper on stack shape which in-
cludes design guidelines for standard designs. For uncon-
ventional stack design, special studies to determine the re-
quired characteristics are necessary. General guidelines are
as follows:

(a) Since the main cause of downwash is the bulk of
the funnel casing, this should be reduced as much as possible.

{b) Within the range of normal practice in design,
the shape and length/breadth ratio of the casing profile in
plan have no great influence on the performance of the funnel.
An increase in fineness of the profile gives good results
in headwind conditions, but can cause severe eddying at cri-
' tical yaw angles.

(c) Some improvement can be effected in yaw only by
placing the uptake discharge as far aft as possible in the
casing.

(@) A tapering casing is beneficial under most circum-
stances, particularly if it results in an appreciable reduc-
tion in breadth at the top.

(e) A substantial improvement results from a simple
extension to the uptake beyond the stack top. A streamlined
section rather than cylindrical gives improved results.

(f£) Specially shaped tops can be designed to take
full advantage of the benefits of a projecting uptake. All
have as their main object the reduction of the disturbing
effect of the casing. Even at the higher angles of yaw,
their performance is much better than that of a casing with
only a projecting cylindrical uptake. Minor modifications
to the shape of these tops do not seem to have a vital bearing
on the performance, but with domed shaped tops it is recom-
mended that the uptake discharge be angled at 20-25 deg. to
the vertical. Rounding the stack top eliminates tendency
for smoke to creep forward over the top (3].




(g) Slope of the stack top. The horizontal top is
best but a downward rake aft of 1" per foot does not affect
performance. Greater rake deflects the flow downward into
the stagnated region. It also forms a large eddy at the for-
ward edge which will cause the smoke to drift forward [3].

These results were based on a study of a typical
variety of stack shapes. The authors noted that the stack
casing is more detrimental to stack flow than any other in-
dividual characteristic. This is due to the downwash caused
by the casing. But, casings are now generally used to house
machinery and are necessary despite their detrimental effect
on gas flow. Typical stack elevations and section shapes are
presented in sections 1.2 and 1.3. Also typical examples of
well designed casings are described in Section 2.1.3.

1.1.2.2 Velocity Ratio Probabilities - The probabilities of
velocity ratios when the relative wind comes from various
directions can be calculated by the NAVSEC computer program
entitled, "Mean Stack Gas Velocity Ratios and Probabilities
of Relative Wind Direction for Known Ship Speed and Exhaust
Speed Characteristics" [20].

This program computes mean stack gas to relative wind
velocity ratios_and the probabilities that the relative wind-
over-the-deck, Vwod, will be from each of n equal sectors.
Only the solutions for sectors on one side of the ship are
calculated because their mirror sectors have equal solutions.
The tailwind sector is always analyzed first.

The weighted mean velocity ratio, (R = Vg/Vy), is
calculated for each sector. Also calculated for each sector
are ten values of the probability that the velocity ratio
will be less than R, where R varies from 1.0 to 5.5. A
plot of these ten points yields the cumulative probability
curve as a function of R throughout the range.

The data required to operate the program are:

1 (a) The number of sectors to be analyzed. See Figure
-7(a).

(b) A ship speed profile with 15 or fewer discrete

ship speeds and their associated probabilities of occurrence.
See Figure 1-7(B).

1-17

——— e

e e S = ot o it e g s e




(A)
NUMBER OF SECTORS

(8 SHOWN)
(ANY INTEGER GREATER
(26) % PROB AT THAN1)
(i MEAN SPEED
/ OF 5 KTS
Vd (22) 5 ' (225
2 (225)

>l £
= B V) o
= (15) W
I G
o 2
& (1) ©
I o

!

(7 &
J (2)
1.
0§10 12 14 16 18 20 22 <5 >21
5 SHIP SPEED (KTS) 21 SHIP SPEED (KTS)
(B) ! ()
SHIP SPEED PROFILE | VsTAck AS FUNCTION OF Vg ip
(UP TO 15 SPEEDS) (EXACTLY 5 DATA POINTS)

oo ~ FIGURE 17 TYPICAL SPEED/TIME PROBABILITY DATA

1-18




(c) Five values of ship speed with the corresponding
stack exhaust speed. The range of these ship speeds must
span the range of the ship speed profile. See Figure 1-7(C).

The program is based on solutions to a number of special
case problems utilizing discrete values of ship speed and
wind speed. A typical problem involving eight sectors and
seven ship speeds requires just under two hours to solve.

Ten discrete wind velocities and their probabilities
of occurrence have been assumed by the program. These winds
are based on meteorological data from the North Atlantic,
and they represent a reasonable worst case.

1.1.2.3 Model Testing - The scope of a model test program will
vary greatly depending on the nature of the design. It is
now possible to design an auxiliary vessel with a high

stack and few heat sensitive antennae without resorting to
model tests. On the other hand a very unusual configuration,
such as the eductors on the DD 963, would require extensive
testing of the stack alone as well as waterline ship model
tests. During the design of the Sea Control Ship, three
versions of a modified streamline stack, which would be in-
expensive to build, although not as aerodynamically desirable
as a streamlined stack, were tested and a design selected.

For typical design, there are two kinds of model tests:
(a) Individual stack
(b) Ship waterline model with or without the stack

Individual stack tests are conducted when studying different
stack shapes. Traditionally these tests developed because
it was felt that the small stacks on ship models would pre-
sent scaling problems. However, test results by Ower and
Third [5] suggest the critical Reynold's number does not
affect the downwash by any appreciable amount. For details
on model testing techniques and practices, see Section 2.3.
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1.1.2.3%4 Air Operations - Aircraft operations are affected
in two ways by topside arrangements and stack design. First,
airflow patterns downwind of the deckhouse, helo hanger,

or stack must be investigated during the model study. The
landing area may be exposed to reverse or erratic flow con-
ditions in the depression or "burble" region which exists
downwind of these structures. It is this depression region
that is formed by the downwash which tends to suck down or
disperse the plume. The complex effects and interaction of
locally generated boundary layers cannot be adequately pre-
dicted. It has been the traditional role of smoke model
testing of new ship designs to isolate these problems.

Ower and Third [4_ have defined superstructure design tech-
niques which can minimize the effects.

The second consideration is the effect of the hot gas
plume crossing the flight path during air operations. The
exhaust gas affects the aircraft by (1) power loss in the
gas turbine engines, and (2) loss of lift due to a reduction
in air density. Thus it is necessary to define an envelope
of exhaust gas temperature for various wind velocities and
relative headings. The normal approach pattern is from down-
wind flying into the relative wind heading. This provides
maximum lift at any given engine power level. However, NAVAIR
insists that there be clear approach paths from any angle
between 900 and 2700 relative to the bow. To allow considera-
tion of various approach angles by the aircraft, the exhaust
gas trajectory and temperature should be evaluated at several
relative wind angles (00, 30°, and 45°).

Appendix B contains further criteria for air operations
on naval vessels.
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1.1.3 Contract Design

Model testing is usually completed during the early
phase of contract design. Hopefully any major changes to
topside arrangements and the stack design can be resolved
at this time. Based on the previous studies conducted, it
is now appropriate to choose a final design configuration.

1.1.3.1 Final Design Isotherms and Trajectories - Resolu-
tion of design conflicts or deficiencies at this stage re-
quires design changes which affect other equipment systems.
Actions which can be taken are illustrated on Figure 1-8.
In increasing order of complexity, they include the fol-
lowing:

l. Change stack shape.

2. Increase the velocity ratio through the use of
exit nozzles, dampers, or added air.

3. Raise the stack.
4. Consider special stack designs.

1.1.3.2 Heat Sensitive Components - The equipment items listed
in Table 1-5 are required by procurement specifications not to
exceed the limitations of MIL-E-16400 (149°F operating and
167°F non-operating). Increasing the ambient temperatures
beyond these values, although non-fatal from the standpoint

of immediate failure, will have a negative effect upon compo-
nent service life and result in shorter maintenance intervals.
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TABLE 1-5

OPERATING LIMITATIONS FOR TOPSIDE COMPONENTS (°F)

Item

Coaxial Cable:
(RG-214, RG-218, RG-333,
and 1-5/8" Foam Filled)
Applied RF Pwr/Rating
100%
50%
20%
10%
0%

Wave Guides:

(Rigid & Flexible)

Misc. Line of Sight Items:
lRaaar, TACSATCOM, AS-§§§
AS-1174, AN/URD-4, AN/URN-3)
Antenna-Couplers:

§ﬁ7SRA-I7

AN/SRA-43

Antenna Insulators
Fiberglass

Ceramic Bowl
Ceramic Strain Relief

Wire Ro
Vinyl Covered

Unjacketed

Weapons:
CIWS (Phalanx)

Long Term Short-Term (less

than 10 min/hr.)
104 104
140 140
162 162
169 169
176 176
185 212
176 185
185 212
172 185
185 212
185 212
185 221
176 176
185 221
150 150
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1.2 Auxiliary Ship Design Example

The FY75 Auxiliary Oiler A0-177 stack configuration
was selected as a design sample. Reference 21 summarizes
the design efforts cf SEC 6136 during Preliminary and Con-
tract Design of the A0-177.

1.2.1 Superstructure Configuration and Stack Height

The reference drawing used was the General Arrange-
ments (Inboard Profile) dated 16 April 1974. Critical areas
identified during the drawing review were possible impinge-
ment of the exhaust plume on:

(a) The ship's superstructure adjacent (forward) of
the stack exit terminal.

(b) The ship's antenna mast and mast-mounted elec-
tronics components forty (40) feet forward of the stack.

{c) The helicopter operations (hovering) area above
VERTREP, forty (40) feet aft of the stack discharge.

Boundary Layer Height

The AO-177 deck house is shown in Figure 1-9. The
boundary layer height (H) can be calculated from:

H= B x ht {1.6)
where

B = deck house beam (unity) (Note that in Appendix
A, the deck house beam is designated as b.)

ht = boundary layer max. height expressed in terms
of deck house beam (B). This term should not
be confused with interpenetration (h').
Sample calculations for two representative deckhouse beam
widths were made, 80 and 38 feet. The boundary layer height
for each of these cases then lies between:
B; = 0.42(80) = 33.6 ft (above the deckhouse)
hy = 0.42 from test number 74, Appendix A
or adding the 4 ft. bulwark

nl = 33,6 + 4 = 37.6 ft. (above the 07 level)
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or alternatively
Hy = 0.68(38) + 4 = 29.8 ft (above the 07 level)
hy = 0.68 from test number 9, Appendix A.

In this case the mean value for boundary layer height (H)
was chosen:

H = (Hy + Hy)/2 = 33.7 £t (above the 07 level).
1 2

1.2.2 Velocity Ratio

The design velocity ratio is determined using the method
of Ower and Third. The ship profile is illustrated in Figure
1-10. The procedure for applying Rule 1 is as follows [5]:

(a) Find the maximum yaw angle for which Rule 1 should
be applied. This will vary between 10 and 20 degrees. At
yaw angles greater than 20 degrees, the smoke plume passes
off most ships' deck before penetrating the turbulent zone.

(b) Draw a line from the stack casing top at a down
angle of 20 degrees below the horizontal. The downward sloping
line should be rotated to form a cone whose apex is at the
stack terminal. The maximum yaw angle in plan view is where
the cone intersects the beam of the ship.

(c) Since the cone clears the ship' decks, see Figure
1-10, Rule 1 does not apply.

Therefore, the next step is to apply Rule 2. Assuming
a maximum ship speed of 23 knots (Vp), and true wind speed
of 30 knots (Vgp), and a yaw (6) of 30 degrees, determine the
relative wind speed (V) from equation 1. 1:

- 83in[180° - (30° + arc sin ((sin 30°)(23/30))])
Vw 8in 30°/30

= 47.6 knots or 80.4 ft/sec.

Selecting a 130 ft/sec stack exit velocity (V ) from Table 1-1,
the design velocity ratio becomes:

Va/Vy = - = 1.62 [1.9]
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This value of V
presented in Ta

2

/Vy, is well above most of velocity ratios
le 1-2 for Auxiliary Tankers. The reason

is that a 30 knot true wind speed was used rather than the

worst case condi
wind speed (V,)

H

tion of 40 knots. Either raising the true
or lowering the maximum yaw angle (6) will

lower the design velocity ratio. Changing the true wind
speed to 40 knots and redoing the calculation using equa-
tion 1.8 yields:
. _ o .
v, = Sin [180° - (30° + arc sin(30°)(23/40))]) [1.10]
sin(30°) /40 :
Vy = 58.2 knots = 80.8 ft/sec
130
vV_/V, = = 1.32 [1.11]
st v 80.8

A nominal design velocity ratio of 1.3 was selected.

The

exhaust characterestics at the full power sustained speed
condition are shown in Table 1-6.

TABLE 1-6

AO-177 EXHAUST CHARACTERISTICS AT FULL POWER

Ship Ship Stack Exhaust Stack Stack Exhaust Tem-

Type Class Velocity at Area Diameter perature at
Sustained Full Sustained
Power Full Power

Auxiliary AO0177 130 f£t/sec 9.62£¢ 3.5 ft 400°F

1.2.3 stack Configuration

The final AO 177 stack configuration is shown in Figure
1-11. The configuration must closely approximate Ower
and Thirds case (9) (see Figure 1-5), a domed top cylin-
drical uptake with 22-1/2 degree slope. From figure 1-5
at a velocity ratio of 1.6, the interpenetration (h')
distance allowed is:

h! = =1.2
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Taking the interpenetration fraction (p) from Table 1-3,
p = 0.5. From Figure 1l-2

H+ h'

P=1- 5

Solving for h':

h' = he(l - p) -H
h' = 34(0.5) =33 = -16"
and
_ 16 _ 16 _ .
b - —h-'_ - "1'_.2' - 13.3 ft

A nominal value of 14 feet base width was chosen at the cen-
ter line of the stack as shown in Figure 1l-1l1l. The domed.top
was simplified to a 45 degree slope to simplify construction.
Theory would call for a pipe extension (e) of 0.475 x 14 ft =
6 ft. However, previous model test experience (reference 7)
had shown a 3 ft pipe extension with this shape to be suffi-
cient.

1.2.4 Plume Trajectories and Isotherms

Predictions of plume trajectory and centerline tempera-
ture in headwind and tailwind conditions using equations 1.3
and 1.4 are shown on Figures 1-12 and 1-~13 respective}y:
Table 1-7 presents the respective ship operating conditions
and power plant parameters used to calculate the plume condi-
tions.

1.2.5 Probability Analysis

The combined cumulative probabilities of ship speed, ex-
haust velocity, and true wind speed as a function of time were
used in the computer program described in section 1.1.2.2.

The program calculates a mean stack-to-relative wind velocity
ratio (Vg/Vy), and the percent of time that relative winds
will occur in each identified sector. To select a design
velocity ratio (Vg/Vy,) and condition, a factor of 10% of the
total time in eacg segment was used. The 10% value was con-
sidered a reasonable percentage of time which some form of
adverse gas entrainment could be accepted. The mean and
design velocitﬂ ratios and their respective probability of oc-
currence are shown on Figure 1-14.

1-29




MAIN BOILERS EXHAUST
3'6" INSIDE DIAMETER
INCINERATOR AT OUTLET
<i |

EXHAUST 4'0"
6" DIA. APPROX:
. \- !450 2'6“

SLOPE

-."*’ . .

-/c-

S. :\ 33'0"
= H z
26'9" i )|

[T Sy
. 1

= \_\

\;
85° Y 77.50
' ¥ 07 LEVEL

1 \
6" —rll 22" 0" -

—110'4" APPROX.

3'3" RAD-\\\\wrf

6" 3" RAD~__

F"_sz-l/z" RAD

07 LEVEL

7l0ll RAD

'10-1/2" RAD

2, an
(2

R )

FIGURE 1-1 STACK CONFIGURATION

1-30




L0V AIN3IWIIVIESIA IWNTIL L4V Zi-L "OId

18V .0 -85 —13A3N 10

SSvd SSvd
WY
NIONE |
-3
| 18v..0-..8-13A37 20
H_ 78V ..0- .92 —13A31 €0
I3LSAS NOdV3IM XNVIVHd — 18v..0-.58 —13A31 ¥0

18v..0-.56 — 13A37 S0

18V ..0-.901 —13A31 90

. 78v .0-.€LL —13AI L0

NOILVHNOIINQD HIVLS TVYNIL

SL ="ASPA
o't ="A/A
gt ="ASPA
0Z = "A/*A -

L a——- -

1-31




e

o

FINAL STACK
CONFIGURATION

YARDARM WITH ANTENNAS

e 120
130° 20
y60° 150° 140° L — / VsV - 4
7 VeV =3
SUPPORT FOR COMIM ANLT
(APPROX. LOCATI(NS:
/ Vg/Vy, = 1.5
VeIV, =1
—3 SPS - 55
- - (140°F)
SOURCE: REF [18]
SIGNAL
\ f SHELTER
_ l 07 LEVEL
(7]
RADAR |@ PILOT ,
RM O [P®] wouse
06 LEVEL
COMM
cic PASS CTR
05 LEVEL
N 9 EXEC. OFCR.
. LIVING
ASSIGNED | & ACCESs SPACE
04 LEVEL
OFCR. v OFCR.
LIVING Z| AcCCESs | LIVING

; [FIG. 1-13 FWD PLUME DISPLACEMENT (FOLLOWING WIND) AO177

T~




FIGURE 1-14 OPERATIONAL VELOCITY RATIOS
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POWER PLANT PERFORMANCE PARAMETERS

TABLE 1-7

(1), (2)

Full Power

Gas Temperature, stack
Velocity @ stack exit
Exhaust weight flow

Ship speed

Cruise Power (Max)

Gas Temperature, stack
Velocity @ stack exit
Exhaust weight flow

Ship speed

15 Knots

Gas Temperaturé, stack
Velocity at Stack exit
Exhaust weight flow

10 Knots (Astern)

Gas Temperature, stack
Velocity at stack exit
Exhaust weight flow

(1) Ambient Temperature (T,) = 100°F

(2) Stack Diameter =

3.5 Ft.

1-34

Combined Propulsion Boiler
Exhaust Airflow

400°F

130 ft/sec
61 1b/sec
21-23 knots

3559F

105 ft/sec
49 lb/sec
20 knots

330°F
63 ft/sec
30 1lb/sec

340°0F
88 ft/sec
42 1b/sec




1.3 Combatant Ship Design Example

The FFG-7 (Patrol Frigate) stack configuration was
selected as the combatant design example. References [14,
16, 22 and 23) summarize the design efforts conducted during
Preliminary and Contract Design of the FFG-7.

1.3.1 Superstructure Configuration and Stack Height

The design procedure followed in the auxiliary tanker
example is not generally applicable to combatant ship stacks.
This is due to the fact that most combatant ship designs
utilize low profile stack configurations. This minimizes
topside weight, and provides the least obstruction for radar
and weapons coverage.

A serious problem existed at the end of the Preliminary
Design Phase of FFG~7. The stacks had been configured with
only a cowling protruding above the top deck of the super-
structure. Clearly then, there is no need to check boundary
layer heights, the stack discharge would always be well within
the turbulent zone.

To determine the minimum stack height which would be
satisfactory, a model test was conducted [22]. The results
indicated hot exhaust gas reingested into the inlets. In-
sufficient vertical clearance of the stack discharge terminal
caused the plume to get trapped and attach to the deck at
velocity ratios (Vg/Vy) of 2.0 and under. Recommendations re-
sulting from the modeY study were to:

(a) Raise the stacks to a height of 6 feet above the
03 level (top deck) with the uptake pipes extending an addi-
tional 2 feet higher than the terminal top.

(b} Reduce the uptake exit area to increase the up-
take velocity and momentum.

The resulting sustained full power design conditions are
given in Table 1-8.

Table 1-8: FFG-7 Exhaust Characteristics at Full Power

hip Ship Stack Stack Stack Exhaust
TYpe Class Exit Area Diameter Temperatur
Velocity

Combatant FFG-7 264 ft/sec 17.05 ft? 4.7 ft 780°F
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1.3.2 Velocity Ratio

Velocity ratios were tabulated for a number of
operating conditions. Table 1-9 presents these data.

TABLE 1-9
FFG-7 Performance Data
OPERATING MODE
Full Power Cruise Idle
Stack Exit Temperature (©F) 780 650 600
Velocity (ft/sec)(Vg) 264 186 56
Ship Speed, knots 28 20 5
Velocity Ratio
0 deg Yaw 2,30 1.85 0.56
30 deg Yaw 2.53 1.96 0.75
180 deg Yaw 13.20 5.46 0.95
Vw =40 kt; Ta = 100°F

1.3.3 Stack Configuration

The stack configuration selected was similar to Owen
and Third's casing A (Figure 1-3) [5] with a forward cylin-
drical section. The stack casing was not angled. No at-
tempt at altering the stack shape to improve performance
was made because of the extremely low height of the stack
terminal.

1.3.4 Plume Trajectories

Exhaust plume temperature profiles for the FFG-7 are
shown on Figure 1-15 for the sustained full power condition.
The method used to calculate these curves is the same as that
presented in section 1.1.1.5.

1.3.5 Probability Analysis

The probability of occurrence of a specific plume
incidence temperature (T) for a selected topside location
(x, y) can be expressed as the conditional probability:
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P[Vs/Vw] = P[TA XV, X VA x 0]

where
Ty, = ambient air temperature

P[] = probability of variable in parenthesis
occurring

] = yaw angle of wind
Vap = ship speed

vV, = true wind speed

g = stack exit velocity

All parameters are assumed to be stochastically independent
(i.e., not influenced by one another), the probability can
be expressed as:

PIV,/V,] = PIT,] - PIVy] - P[Va] - P[6]

Hand calculations were used in this case. Some of the vari-
ables used in the analysis, along with the cumulative results,
are shown in Figure 1-16. Each set of input parameters was
conservatively chosen so that the lowest velocity ratios
would result.
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2.0 BACKGROUND AND THEORY

2.1 Turbulent Flow and the Stack Gas Plume

2.1.1 Nature of Stack Emissions

2.1.1.1 Soot - Soot is comprised of relatively large particles
that grow on the inner surfaces of the stack which eventually
breakoff and are ejected. These particles possess a finite
rate of descent [4]. Soot can burn boat covers, discolor
paint and corrode steel. It can not be controlled like smoke
because soot settles out of the plume while smoke is buoyant
and remains in the plume. Soot can be controlled by dust
collectors, expansion chambers, insulated stacks or scrubbers
[4]. The soot problem is usually worse on a steam operated
ship when the engineer blows soot from the boiler surfaces.
This often results in a rain of soot on the deck. Although
soot is a factor in the design of ship's stack it is a prob-
lem that is not addressed in this manual.

2.1.1.2 Smoke - Smoke is a gaseous efflux of very fine par-
ticles that will remain suspended indefinately. These elements
make up the bulk of the plume and must be ejected clear of

the ship with the plume. Smoke causes many problems when
interacting with other systems because it has the following
properties:

O Corrosive (contains sulphur)

O Nauseous

O Highly heated (can cause overtemperature damage)
O Not always visible

These properties of smoke mean it must not be in-
gested into the crew areas, cannot pass uncontrolled through
antennae, must be kept clear of helicopter operations, must
not be reingested into the engines or other intakes, and must
not impinge on any part of the hull or superstructure.

2.1.2 Gas Flow Around Bodies

2.1.2.1 Two Dimensional Cylinder in an Air Stream - Sherlock

[8] compared the stack to a long circular cylinder in a

cross flow. If the gal in this flow was rfect (i.e., no
losses due to viscosity) it would regain its original flow

pattern after passing the cylinder as shown in Figure 2-1.
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FIGURE 2-1
IDEAL FLOW AROUND A CIRCULAR CYLINDER

As an ideal gas passes the cylinder the velocity of the flow
increases. This results in a corresponding increase in ki-
netic energy with a corresponding decrease in pressure. At
the point where the flow passes the maximum width of the
cylinder kinetic energy is at a maximum and is sufficient to
cause the flow to return to the original streamlines. How-
ever, air is not a perfect gas. As a real gas it possesses
frictional viscosity which causes kinetic energy losses when
traveling past the cylinder. Because of this reduction in
kinetic energy the flow cannot return to the original stream-
lines and is forced to separate as shown in Figure 2-2,

’"
/y
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FIGURE 2-2
REAL GAS FLOW AROUND A CIRCULAR CYLINDER

Separation forms a region where the static pressure is lower
than free stream but higher than the fast moving layers im-
mediately around it. These fast moving layers support a
pressure difference due to their momentum. Eventually they
turn in upon themselves and roll up into vortices, with axes
parallel to the axis of the cylinder. These vortices flow
downstream and slowly disintegrate as the low pressure cen-
tral region entrains free flowing gases. This causes the
vortices to increase in mass and decrease in rotational momen-
tum. Eventually rotation breaks down completely and flow no
longer follows any particular pattern. It has been shown
that vortices must be staggered to be dynamically stable and
form what is known as a "Karman Trail® {g].
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2.1.2.2 Flow Over Bluff Bodies [2] - As can be seen in Figure
2-3 the flow over a bluff body separates from the boundary
ahead of the body to form an eddy region on the windward
surface. A second separation occurs on the leading edge of
the upper surface and spreads to fill the area behind the
body. Regions above the separation are smooth. The flow

has generated a streamline flow over an abrupt obstacle

and a turbulent region immediately in contact with the ob-
stacle.

ACCELERATED FLOW

m—
psSa—— SEPARATED REGION ABOVE BODY
——
£ O U WAKE
O v
oY
!
DECELERATED FLOW SEPARATED FL(W IN CORNER
FIGURE 2-3

FLOW AROUND A BLUFF BODY

Mixing of the free stream with the turbulent area occurs at
the interface and tends to continue the disturbance down-
stream. Vortices are generated as shown.

2.1.2.3 Stack Plume Flow - The flow around the ship stack

is a combination of the circular cylinder flow and the bluff
body flow. To complicate matters this body ejects gases ver-
tically and the entire turbulent flow pattern is subject to
abrupt changes as the yaw angle changes.

O Deformation of the plume a3 it is bent - Usually,
the stack plume is emitted perpendicular to a
laminar cross flow. 1In a region of laminar flow
a gas jet has distinct boundaries. At its source
the jet has a reasonably uniform velocity profile
and relatively low turbulence. As the jet rises
it is deflected by the cross flow and the plume
bends until its flow is principally horizontal.

A pressure field forms around the jet as it is
deflected causing it to form a kidney shape [9].
The jet will remain distinct as long as the cross
flow is laminar but in a region of turbulent flow
the jet will quickly spread out and no longer be
distinct. This is what happens if the plume enters
the turbulence of the ship's superstructure.




Local effect - The stack usually can be represented
as a short cylinder. Gas flowing around this cylin-
der experiences an increase in pressure on the
windward face and a corresponding decrease of pres-
sure on the sides and back. Air flows over the top
and down the back of the stack as is shown in Figure
2-4.

——tp
——— i

FIGURE 2-4
RESULTANT PATH OF STACK GASES IN THE WIND

If the gas emitted from point A of Figure 2-4

has sufficient velocity, Vg, it will be carried
along path C. But, if smoke is emitted at A
with a very low Vg then the influence of V,, will
cause it to follow a path to B. This secona flow
is called a "downwash™ and if sufficiently strong
will cause the smoke to come down to the deck as
it mixes in with the vortices behind the stack.
For typical merchant ships the “"downwash" does
not extend more than 1l/2 to 1 stack diameter be-
low the stack outlet [3]. The velocity ratio,
Vg/Vy, is the determining factor for "downwash"”




being a problem. The amount of "downwash" is
also influenced by the shape of the stack and
yaw angle. A streamlined stack at small yaw
angles will not generate the vortex trasl that
a circular stack generates. The strenoc:b of
these trailing vortices is a major co..ributor
to "downwash."

Ships Turbulent Zone Effect - The superstructure
of a ship 1s composed of a number of bluff bodies

- each of which contributes its own turbulent wake.

Each obstacle acts as a turbulence generator that
sheds vortices which gradually mix with the region
of laminar flow as they travel downstream. To-
gether these generators combine to form a general
turbulent region which encompasses the entire

ship superstructure and is known as the turbulent
zone. Model tests have confirmed the existence of
a turbulent zone that increases in depth aft.

These tests have also shown that the turbulent 2zone
is a function of ship superstructure and yaw angle.
In the previous section it was noted that when a
plume enters a turbulent region it will mix through-
out that region. Therefore, if the stack plume
enters the turbulent zone via stack "downwash" the
smoke will be brought down to the deck. Tradition-
ally the top of the stack was well above the tur-
bulent zone and "downwash" did not cause a problem.
But this is not now the case. The transition from
laminar to fully turbulent flow is a gradual one
that takes place through a region of significant
depth. A stack ejecting gas into this transitional
region will only perform satisfactorily if "down-
wash is properly controlled. The Patrol Frigate

is an example of a ship class that ejects the stack
gases directly into the turbulent zone. This was
possible after increasing the stack gas velocity

to 260 ft/sec.

Yaw Angle - Yaw angle is the angle of the relative
wind to the ship's heading. Yaw angle affects
both the turbulent zone and the "downwash" around
the stack. Usually ship stacks are longer than
they are wide and will, therefore, have different
flow patterns as the yaw changes. Generally, the
performance of an individval stack in a laminar
cross wind degenerates as yaw increases beyond 15
to 20 degrees. But a stack model mounted on a

e



ship structure will exhibit degenerated perfor-
mance from 15 to 60 degrees and then improved
performance from 60 to 90 degrees [3]. This
improvement is caused by a change in the direc-
tion of flow over the stack. For small yaw
angles the flow over the stack is largely horizon-
tal and continues to be horizontal until the flow
approaches 60° of yaw. From this point on the
vertical sides of the ship become dominant flow
directors, the direction of the flow becomes ver-
tical and the vertical flow carries the stack
gases higher. The result is improved stack per-
formance.

2.1.2.4 Control of Plume Behavior - The plume can be affected
by changing any of the following relationships which in turn

affect the height of the turbulent zone, the velocity ratio,

plume temperature, and local flow around the stack (i.e.,

- "downwash").

© Type of power plant - Gas turbines usually present

the biggest problem with the plume but for small
high powered vessels gas turbines have shown them-
selves to be desirable for other reasons. A gas
turbine plant requires four times the air mass
flow and will exhaust this large volume of air at
200°C higher than a comparable steam plant [10].
In addition, gas turbines are very sensitive to
temperature transients and the increased mass flow
makes intake location a critical problem.

Vessel operating profile - This operating profile
1s the necessary result of the vessel's mission
and is not likely to be changed. The profile con-
tains probabilities of operating velocity ranges
and the complimentary mass flow and temperature
of the power plant exhaust.

Stack Area - Stack area directly affects the smoke
velocity. The effective outlet area of the stack
can be continuously varied with a damper. Multiple
stacks can also be employed to keep the stack velo-
city high while operating at low powers. Both
techniques sacrifice efficiency and simplicity for
the sake of improved plume performance.




© Location of stack - By merely moving the stack
longitudinally it may be possible to exhaust
the gases outside the turbulent zone (TZ).
Longitudinal stack location can also be used
to maximize the distance between stack and an-
tennae and thereby lower the temperature of
the gases passing through the antennae.

O Characteristics of the stack - The shape of the
stack 1itself can be used to improve the local
flow and reduce the "downwash." There are many
variations and a detailed discussion of these
can be found in Section 2.1.3.

© Height of the stack or TZ - Both stack height
and height of the turbulent zone can be adjusted
to decrease the likelihood of plume entrainment
in the turbulent zone.

2.1.3 Conventional and Special Stack Shapes

The following stack configurations have one design
goal and that is to surround the plume with smooth flowing
air at all yaw angles. Most of these shapes work well under
some conditions and exhibit little or no improvement for
other conditions. They are presented to familiarize the de-
signer with several alternative types of stacks.

2.1.3.1 Streamlined Stacks - Most conventional stack de-

signs have streamlined body sections. Streamlined sections
are chosen in preference to cylindrical sections due to archi-
tectural and flow considerations (in a headwind). Stream-
lined stacks with long, slender sections fore and aft cause
considerably more suction in a sidewind than an equivalent
cylinder. However, aesthetic considerations and fore and aft
design conditions dictate selection of streamlined designs.

Acker [3] has shown that a horizontal stack top is
better than a raked or sloped top. The horizontal top gives
less section aft than a sloping top. If the stack top must
be raked for design purposes, 1l:12 is a suitable slope. 1In
some special designs, a slope of 1:9 has produced good results.

Although there are numerous variations of streamlined
stack types, a good example of this type of stack casing is
the Clydebank funnel design. The design was introduced by
John Brown & Co., Ltd. in the early 1950's. Pigure 2-5 shows
some elevation and section views of the casing. The upper one-
third has a section similar to Casing A in Pigure 1-3. This
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ELEVATION AND CROSS-SECTIONS THROUGH THE CLYDEBANK FUNNEL

FIGURE 2-5
CLYDEBANK FUNNEL
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‘FIG. 28 DAMPER ARRANGEMENT ON THE “INDEPENDENCE"” ACKER, REF. [3]
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2.1.3.6 Athwartships Terminal Extentions - The SS FRANCE
stack configuration is a vertical casing with two faired fins
extending horizontally athwartships. The smoke is ejected
from the ends of these fins and thereby removed from the
stagnation region in the lee of the vertical casing. Often
in operation the downwind fin is sealed as an extra pre-
caution in keeping stack gas out of the stagnation region.
This stack has been successful in eliminating the downwash
effect beind the stack even though the stack gases are given
no vertical thrust. The DE 1052 stack terminal uses a simi-
lar technique to direct exhaust gases clear of the ships
superstructure. Exhaust gas is directed into two separate
port and starboard terminal pipes angled aft and slightly
above horizontal. Figure 2-9 illustrates this design.

2.1.3.7 Annulus - An air annulus surrounding the exhaust
flow can improve plume structure and compactness but does
not increase the trajectory height. To be effective the an-
nulus should have a velocity not less than one to two times
the free stream velocity and at a volume at least equal to
the exhaust at full power. Schultz and Matthews [l11] tested
three annuli with widths 8.8, 16.0 and 24.4 percent of the
stack diameter and found the smallest annulus to be best.
Acker [3] suggests keeping the annulus width less than 10
percent of the stack diameter.

2.1.3.8 Eductors - Eductors were utilized in the DD 963 to
cool the exhaust gases being emitted from the stack. In this
design the exhaust temperature into the eductor is 900°F and
the temperature out of the eductor is 400-500°F. The cooling
eductor air flow is 1.6 to 1.0 times the turbine exhaust flow.
Figure 2-10 shows a typical eductor. This design was guided
by model tests at UCLA, where many configurations of eductors
were tested. At this time any eductor design must be accom-
panied by detailed model tests.

Aaten
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2.2 Plume Behavior Theory

2.2.1 Plume Prediction Equations - The following equations
were found to give the best representation of plume character-
istics when compared with full scale and model test data.

2.2.1.1 Trajectory - The form of equation 2.1 was derived by
Hoult, Foy and Fourney [13]. Figure 2-11 contains specific
results of their theoretical treatment of the gas plume.
Charwat conducted model tests during the design of the DD 963
and determined the values of the coefficients of equation 2.1.

(V./V. ) [1.7(x/D.)1° %7
= _8S W 8 [(2.1]

s 0,50
(1.2 + 0.15 Vs/Vw)

Pigure 2-11 shows a comparison of equation 2.1 and the data
taken during the HMS GLAMORGAN trials [10].

ol

Subsequent review of the GLAMORGAN data, and refinement of
the coefficients resulted in the following equation:

N(vs/vw)(X/Rs)°'25
5.50

Y
b— =
s

(2.4 + 0.3 v /V)
Where:

N = 1.15 for one exhaust pipe

N = 0.86 for more than one exhaust pipe

2.2.1.2.P1ume Temperature -~ Equation 2.2 was derived during
the design of the Sea Control Ship. This equation is plotted
on Figure 2-12 along with the GLAMORGAN and LM2500 [14] full

scale test data and Charwat's model test data. To use equa-
tion 2.2 it is necessary to know the plume length. —

Ty = T, (Vg/V,) 028

¢ = T. p— Tg - ——;75:— [2.2]

In many instances it is sufficient to plot the trajectory
(using equation 2.1 [1]) and then measure the plume length
with an approriate graphical method. When a graphical solu-
tion is not appropriate equation 2.3 can be employed to de- .
termine § analytically. This equation is a direct applica- *
tion of Simpson's rule to the integral: '

s "I\,I-:f;i .4,
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S 0.5 0.5
= = Y [1 + 4(1 + .6906K) + (1 + 7.29K) ] [2.3]
D, = &b,

where
[2.4 + 0.3 Vg/v,)°-°®
K =

5'“ 3.“
Y
0.914 (Vg/V,,) ] (52

2.2.1.3 Plume Radius - Equation 2.4 presents the radius,
r_ , of the plume as a function of plume centerline
hgight. The equation was reported by Weil [6] who had
based his theoretical work on Hoult, Fay and Forney [13].

I, = Rg + [2 (.15 + 1.2/(Vg/Vy)) - 1/(2F %) 1y [2.4]

where

. Fp = Vg/lgRg/((Tg - T )/T)]°"%, T, in °R
Equation 2.5 (as reported by Stoner [15] can be used to
predict the temperature within the plume, T, at a given

radius, r, given the maximum radius from equation 2.4 and
the temperature at the plume centerline 2.2.

T -'T“ 1.5
T __T = 1 -( ::— ] [2.5]
o

2.2.2 Sources of Information - The following Tables (2-1)
contain a summary of the essential sources of plume behavior
theory upon which this text is based.
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2.3 Model Testing

2.3.1 Introduction

This chapter is included to aid the designer in
choosing the proper technique and scope of smoke plume re-
lated model testing. Model testing to determine the charac-
teristics of the stack gas flow has been employed for the
last five decades.

Nolan's paper of 1946 [1] was one of the earliest
to address the function of the smoke plume model test. He
utilized two different types of model tests that are still
in use today. The first of these tests was conducted with
a ship model complete from the waterline up. This model
was mounted on a flat turntable to simulate the ground plane
and placed in a wind tunnel so that the yaw angle could be
adjusted to any desired figure. The waterline model was
used in two different investigations. The first was a de-
termination of the height of the turbulent zone. For this
test the ship stack need not be included since it has only
a local effect on flow. The second purpose of the waterline
model is to investigate stack performance. For this test
gases are emitted from the stack at several yaw angles and
velocity ratios.

Nolan conducted a second test series to investigate
the downwash behind the stack. In these tests several stack
shapes were mounted on a flat turntable. Simulated stack
gas was emitted and each stack was rotated to examine down-
wash at different yaw angles. This arrangement allowed com-
parative studies of the stacks at higher Reynold's numbers
than the ship model tests, and in a laminar cross flow.

Since Nolan's original work in a wind tunnel at Newport
News, many tests have been conducted world wide in wind tun-
nels and water channels. These tests have shown modeling to
be an invaluable tool in stack design which, considering the
state of mathematical prediction techniques for plume beha-
vior, is often necessary for a complete and thorough design
effort. The following outline is a condensation of stack
model testing information. The information contained herein
will aid the designer in using model testing.

2.3.2 Fluid Flow in Test Channel - Both wind and water chan-
nels have en use stack plume model tests. They suffer
the common drawback of a zero velocity gradient with eleva-
tion change. Natural winds exhibit a velocity gradient.
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Wind velocity increases to a constant value, V.,, several
hundred feet, 2., above sea level. The velocity gradient
follows this fofm:

V/VR = (Z/ZR)l/x (x < 7, x = f (temperature)) [2.6]

Large ships are largely within this gradient and
experience a variation in the direction of the relative
wind because of the change in the magnitude of true wind
velocity. However, because of the difficulty of generating
a stable meterological wind profile in a tunnel, even uni-
directional gradients are rarely examined.

Sea roughness also affects the wind profile. The
usual modeling procedure is to mount the model on a smooth
board, with no consideration for sea roughness (Thornton
[2]).

Early model tests (Nolan {1] and Acker [2]) were
usually conducted in wind tunnels; sometimes with heated
pPlumes. More recently, tests for naval vessels have been
conducted with inverted models mounted on the roofs of water
channels. In these tests a denser fluid is injected to
model buoyancy of the smoke plume. Water tunnels have the
advantage of offering higher Reynolds number than wind tun-
nels for the same tunnel flow speed and model size. Gener-
ally the plume in a water tunnel can be made visible more
easily that in a wind tunnel and photographed with greater
facility.

2.3.3 Model Scaling Factors

2.3.3.1 Effect of Reynold's Number - Model testing can only
be applied to design when the scale effect is understood
and can therefore be accounted for properly. Geometric
similarity does not imply flow similarity for model and
ship. for low floc velocities (i.e., the range covered by
stack flow model testing) similarily of flow patterns for
ship and model would be assured if the ship length Reynold's
number, Re, is maintained

where
Re = Vw I‘lhig
Vw

However, model size usually falls between 1/40 and 1/100 ship
size and testing tunnel velocities are limited so that both
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for air and for water the model length Reynold's number is
much smaller than the ship length Reynold's number. This
difference in Reynold's number has been investigated in
various model tests and shown to have little, if any effect
on ship models. Ower and Third [4] conducted three full
scale tests to compare the heights of the turbulent zone

of models and full scale ships. They found no appreciable
difference even for a ship with a well rounded superstruc-
ture.

The effect of Reynold's number on the stack itself
must be considered separately from the ship Reynold's num-
ber. It is the normal design practice to extend the stack
above the turbulent zone. In this case the stack individually
encounters a cross flow and the downwash behind the stack
is the critical factor. When individual stacks are tested
over a range of Reynold's number, a critical value of stack
Reynold's number is encountered. Stack Reynold's number is,

v D
w

Re_ = 2% (2.8)

8
\)W

Below this value the drag is higher and consequently the

flow pattern is larger at values slightly above the criti-
cal Reg. One would expect that the downwash behind the stack
would ge greatly affected by the stack Reynold's number.
However, Ower and Third [4-5) have experimentally demonstrated
that downwash behind the stack does not change as the stack
Reynold's number traverses the critical range. These

authors attributed the change in drag at critical stack
Reynold‘'s number to a reduction in the thickness of the tur-
bulent region but saw no reduction in the extent of down-
wash alnng the stack casing axis.

A third very important scaling factor can be assessed
through use of the local flow Reynold's number; which is

vV_ X

Rej, = -:— {2.9)

w

This Reynold's number is critical in determining the transi-
tion from laminar to turbulent flow in the plume. Above

the critical Rej,, the plume size greatly increases because
fully turbulent flow has developed within it. Below the cri-
tical Rej,, the turbulence within the plume does not fully
develop and the plume is no longer geometrically similar to
the full scale plume. Weil [6) has determined that the cri-
tical Reynold's number (Rec) is approximately 10°. One should




note the implication of Re_ that the model gas flow adjacent
to the stack is not modeled properly until the distance down-
stream, X, is large enough to raise Re, above critical.
Therefore, if the V_ is low enough the model plume will be
too small for a significant distance downstream.

2.3.3.2 Plume Density - The plume from a ship is a mass of
heated gas that is buoyant and this buoyancy will affect the
plume trajectory. Buoyant forces become increasingly impor-
tant at higher velocity ratios. Normally, the higher velo-
city ratios are not critical for stack performance because

the plume tends to travel straight up and presents the least
interference problem with other ship systems. The exclusion

of temperature effects results in model tests that are conser-
vative. It should be noted that the theoretical plume tra-
jectory presented in this manual does not include a term for
plume density since it is assumed that plume behavior near the
stack, for reasonably low velocity ratios, is a function of
stack gas and cross flow momentum and not stack gas buovancy.
In most literature plume density modeling is not recommended.
However, the use of the following relationship will allow plume
buoyancy scaling in a water channel if it is believed impor-
tant to do so. For plume gases and air, density is proportional
to temperature, hence, given the temperature of the exhaust

gas at the stack and the cross flow temperature, it is possible
to determine the density of the buoyant plume.

2, - o, ]
Pe ship To ship To model
Pe= P
- [“p °] (2.10]
L model

Air test exclude the use of heated air in the model because
the above temperature relationsihip would require extremely
high model gas temperatures which are not practical. Hence
plume density modeling is limited to a water channel where
the density of the plume can be controlled more easily.

2.3.4 Necegsary Conditions for Plume Model Scaling

The following four conditions must be satisfied simul-
taneously to assure the similarity of the model plume with the
full-scale plume.

© Geometric similarity of model to ship - However,
details such as rigging often are omEtted since

their effects are not significant.
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Relative wind direction - When the relative wind
yaw angle of the ship model and the full scale
ship are equivalent then the flow patterns will
also be equivalent regardless of the magnitude

of the relative wind. Usually individual stack
performance gets increasingly worse with in-
creasing yaw. A stack on a ship performs poorly
from about 15° to 60° of yaw but performance im-
proves from 60° to 90°. This is due to the ver-
tical component of flow past the stack as the
relative wind approaches the beam. The designer
must remember the vertical component of flow past
the stack changes with yaw and this affects down-
wash [3].

The velocity ratio - When the velocity ratio of
model and full scale vessel are equivalent then
the momentum of vertical stack gases and the cross
flow momentum will produce similar plume trajec-
tories (see Section 2.3.3.2 on the plume density).

© fThe model local flow Reynold's number, which is

X
Rep = v must exceed 10° or plume diameter
w

will not expand fully.

2.3.5 Effect of Tunnel Walls

Weil [6] has shown with model tests that the walls
of the flow channel do not affect plume rise until the plume
diameter is equal to the separation from the wall.

2.3.6 Methods of Making the Plume Visible and Determining
the Height of the Turbulent Zone Models

2.3.6.1 Plume Visualization - The plume is usually colored
by a dark dye or, in the case of a wind tunnel, smoke is
ejected into the stack. Photographic techniques are very
useful in assessing model performance, including short dura-
tion stills (with strobic illumination), longer dura*ion
stills (1/8 second to several seconds) and motion picture
photography. Photography provides a permanent storage of
data. However, many lighting techniques tend to overempha-
size wisps of smoke so that notes should be included with
photographs.
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2.3.6.2 Boundary Layer Determination - The extent of the
boundary layer can be determined from a ship waterline
model by three methods. All of the methods make the
gradual transition from laminar flow above the boundary
layer to fully turbulent flow within the turbulent zone
evident.

© shadowgraph method - A trail of hot air from
a fine wire probe is made visible by svecial
lighting conditions. Outside the turbulent
zone the trail is long and steady. When the
probe enters the turbulent zone the trail
behind the probe shortens and becomes un-
steady. The probe is moved vertically and
translated along the ship to map the entire
turbulent region.

© Tufts - This method is similar to the shadow-
graph but employs tufts on a proble to deter-
mine the flow characteristics.

© H2S Method - This method can be used in various
ways. It is based on the darkening of white
lead acetate paint by H2S in even minute quan-
tities. Therefore, a probe painted with white
lead acetate paint will become blackened when
it enters a turbulent zone containing Hj3S.
The H,S does not cross the boundary layer. A
secona method has been employed where the after
part of the model is painted with lead acetate
and a probe ejecting H2S is lowered until it
enters the turbulent zone and darkens the paint.
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2.4 Theory Behind Stack Height Predictions

A technique for determining the minimum stack height
for commercial ships was developed ty Third and Ower [5] in
a paper on funnel design. Their technique is formulated to
give the lowest stack height possible for any given ship by
allowing the plume to mix in the upper transitional part of
the boundary layer. Flow in this region gradually degnerates
from laminar to fully turbulent, decreasing with height, but,
as long as the plume does not enter the fully turbulent re-
gion where a back flow has developed the plume will be carried
free of the ship. To determine the minimum stack height
there are two rules.

1
bt et ittt ——

© Rule 1 - The lower boundary of the smoke plume
may be aillowed to penetrate the zone of turbu-
lence created by the ship's superstructure to
a vertical depth in accordance with Figure 2-13,
in headwinds and winds up to a maximum of 20 de-
grees yaw.

TABLE 2-2
PLUME INTERPENETRATION

Interpenetration (P)

Interpenetration (h') Fraction Allowed

above - 0.5 0.35
Below -1.5 0.70

Expressed analytically, Rule 1 will yield the fol-

lowing equation: 1
H=he(l -P) - h' [2.11]

where: '
H = gtack height above datum of turbulent zone

h¢ = maximum height of boundary layer above datum
stack outlet height above lowest plume boundary
interpenetration fraction of Table 2-2

- 4
no
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In their paper Third and Ower realized that the
smoke must be kept from entering intakes at all wind speeds.
Intakes are usually located only a few degrees off the center-
line. The authors assumed that the problem of intake inges-
tion could be adequately solved by designing for a high
velocity ratio at the yaw angles that directed smoke over
the engine intakes. However, for higher yaw angles, Third
and Ower suggested that a lower wind speed of 15 to 20 knots
could be used. In the North Atlantic 15 and 20 knots are an-
nually exceeded 70 and 30 percent of the time, respectively.
On the other hand 30 knots is exceeded annually only 3 per-
cent of the time. The wind speed of 30 knots also falls on
the wind distribution curve where it levels off with respect
to probability while both 15 and 20 knots are in the steepest
region, (Figure 2-14). It is therefore suggested when ap-
pPlying Rule 1, that a value of 30 knots be used for the maxi-
mum yaw angle and 40 knots be used for the yaw angle that di-
rects the flow over intakes or antennae.

Ship speed and truvue wind speed must be added vectori-
ally to obtain relative wind speed. This addition is repre-
sented in Figure 2-15 and by equation 2-12. 9nce the Vy has
been determined, this value can be used to calculate V /Vw.
With this ratio and a selected casing type, h' can be ob-
tained from Figure 2-16 or 2-17.

sin [180 - (8 + arc sin ((sin 6) (V,/Vp)))]
Vu = sin 6/V,

[2.12)

where
Vy = relative wind speed,
Vp = true wind speed
V, = ship speed, and
6 = angle of relative wind
The value of h' is used to determine the interpenetration

fraction from Table 2-2 and Equation 2.1l is then used to
calculate the stack height, H.
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O Rule 2 - The lower boundary of the smoke plume
must not descend below the funnel casing top by
a distance equivalent to more than twice the
breadth of the casing. When the height of the
funnel is less than this distance, the allow-
able descent of the plume is reduced according-
ly. This rule is applicable to all angles of
yaw up to 30 degrees.

Table III in Reference [5] contains the minimum values of
Vg/Vy to comply with Rule 2 for various stacks.

In most instances Rule 1 and Rule 2 are both applied
and the highest stack height from either becomes the design
height. Both rules are applied only over limited yaw angles
(< 30°) because the turbulent zone calculation in Appendix A
has no meaning for large yaw angles. There are special cases
where Rule 1 is not applied at all or where the yaw angle for
which Rule 1 should be applied is limited.

The following discussion (of the maximum yaw angle for
Rule 1) refers to Figure 2-18. Rule 1 should not be applied
when the line ac, which passes through the top of the stack
at 20° from the horizontal, clears the ship aft. If line
ac intersects the deck of the ship in question then the maxi-
mum yaw angle for Rule 1 is determined in the following manner.
The circle with its center point a and radius ab will inter-
sect the deck at d. If the angle 6 formed by the lines ab
and ad is less than 20° then 6 is the maximum yaw angle for
Rule 1. If 6 exceeds 20° then Rule 1 is applied for 20° of
yaw.

\ MAXIMUS® YAW &°.0LE
FOR AULE 1

FIGURE 2-18
MAXIMUM YAW ANGLE FOR RULE 1 [5]
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Superstructure Design in Relation to the Descent of

Funnel

Smoke

E. OWER, B.Sc.,, AC.Gl, F.R.AeS.,* and A. D. THIRD, B.Sc., Ph.D., A.R.CS.T.t

One of the factors that determines the necessary height of a funnel casing is the

height of the zone of disturbed air fiow due to the superstructure.

This paper provides

formule and disgrams which enable the height of the zone to be calculated from the

ship’s drawings alone, without recourse to

experimen

The data were obtained from wind tunnel tests with model ships. The methods
used are described; and an sccount is given of comparative tests carried out og ahips
at sea, which showed that wind tunnel experiments of this kind accurately reproduce
full-scale conditions. No direct confirmation of the validity of wind tunnel tests to
the aerodynamics of superstructure design had previously been obtained.

Finally, considerstion is given to the problem of smuts, which is essentially
different from that of smoke. It is shown that it should be possible to prevent smuts

INTRODUCTI

General

The factors responsible for the descent of funnel smoke
on to the decks and superstructures of ships were discussed
in an earlier paperi!). It was there shown that the movement
of air over the bows and superstructure due to a combination
of ship speed and wind speed sets up a region of disturbed
flow over the ship. The beight of this disturbed region, which
bas come to be called the turbulent? zone, depends mainly on
the shape and size of the superstructure; and the efflux from
the funnel must be carried clear of the turbulent zone if the
ship is to be free from smoke trouble. Two main factors
determine whether this condition will be fulfilled, namely the
hi;htdtheumbmmduyqfﬁeunhﬂcntpm—gln

the funnel by introducing, somewhere in the exhaust ducting

the outler of the uptake, a vertical length of enlarged section

and sbout 12ft. high in which the gas velocity will be reduced to about 10ft. per sec.
ON

Part I of the paper is intended to supply the designer with
information of type (a) in the form of diagrams and
ich he can calculate the height of the
turbulence boundary above the superstructure. Work on
problems of type (b) is still in progress. Two earlier American
researches™™ %) have dealt with both these aspects, but the
results are not sufficiently systematic or comprehensive for
the purpose stated in the preceding paragraph.

The results given in Part I were obtained entirely from
tests of models in & wind tunnel. Experiments of this kind
are much easier to conduct and less costly than tests on actual
ships; and the method has been widely used by Nolan? and
Acker'™ and for numerous ad hoc investigations on the smoke

extending over many years. The disparity in scale
speed between model and full-scale j
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naval architect in respect of the smoke problem, they will not
enable him to prevent smuts or soot from falling on 1o the
ship, or even to reduce troubles due to this cause. Smoke
and smuts present two entirely different problems, although
they are often confused. Smoke consists of very fine solid
particles which in still air would eventually fall on to the
deck, but 30 slowly that they can be regarded as virtually in
suspension. Smuts sre much heavier than smoke particles
and, if they are ejected from the funnel st all, they will fall
to deck level much more quickly. If by then the ship has not
travelled far enough, or the relative wind is not strong enough,
to carry them clear, they will fall on t0 the deck. A possible
method, which was suggested by a shipowner, of preventing the
ejection of smuts is “iscussed in Part IIL

to the Descent of Funnel Smoke
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FART 1 —DETERMINATION OF THE TURBULENCE BOUNDARY ON MODELS
oF TYPICAL SUPERSTRUCTURES

1. 1. EXPERIMENTS
model work was dope at ap air speed of 12ft. per
wind tunnel of Thermotank, Ltd., which bhas a
working section 3ft (vertical) by 4ft, in whicn
is horizontal. After » satisfactory method of test

types of superstructures. The hull on which these blocks were
mounted was & model to a scale of 1/64 of the above-water

stained black when exposed 1o even small traces of hydrogen
sulphide gas, H,S.

1. 1. 2. Range of Tests

The chemical reaction or H,S method was used to trace
the turbulence boundaries over a series of blocks representing
typical shapes of superstructure. The main cause of the
formation of the turbulent zone is the frontal obstruction to
the flow presented by the superstructure, which, in its simplest
form, is a rectangular, sharp edged structure with its forward

—Marmum heght of burbut boundary, cak ot | o shoue
Turbufence boundary observed by 1% S technipve fumne/

nr =
e T/ /_—_;_/7 “
QP 3 3 € s0tmt
G, 1

bull of the cross-channel ship A (see Fig. 1), which was face rising vertically from the deck. A simple, rectangular
adopted as the standard ship for this research becsuse it was block was therefore taken as the besic form of superstructure;
ﬁeonem.demihblefordnﬁmofthe_modd—full-oak and, first of all, the relation between the beight of the
comparisons mentioned above and described in Part II turbulence boundary and changes in length and height of the

block were determined. The third variable, ie. breadth, was
1. 1, 1. Methods of Test taken into account by expressing all dimensions, including the
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]

!

5
R
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ight of the turbulence boundary, in terms of the breadth
which, for convenience, was kept constant. Then the effects
of various modifications were examined, namely rounding of
the forward face in plan and in elevation, both separately and
together, sloping and stepped-back fronts, and additions repre-
senting bridges and wheelhouses of different forms.
In all these tests, the appropriate blocks were substituted
for the whole of the superstructure of the model above the
flat deck denoted by A-A in Fig. 1.

1. 1. 3. Results

Al the tests casried out with the blocks on the model
bull are recorded in Table I, which shows the wvarious
combinations and modificstions tested, together with the
maximum bheight & of the turbulence boundary obeerved in
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Tanss 1
* Meoasured from™top edge of plate. Noves: ﬂ mz%"‘“’ “(-ulzogioe 119).
Test pumber a ¢ A Superstructure form
1 04 [} 0-69° Vertical plate
2 02 04 0-35
3 04 0-4 0-64
4 06 04 0-67
) os 04 0-69
6 0" 10 032
7 04 10 0-%0
s 06 10 0-60
9 os 10 0-68
10 02 18 037
n 04 18 0-s8
12 06 18 0-65 Rectangular block, with dimensions of hull used in tests 1 to 75
and 89 10 107
1) os 18 069
14 04 18 052
18 06 18 0-58 ; u’.‘:'::&ziu )
16 os ) 0S8
Air flow
17 04 13 058 (odas rachun) =
18 04 18 0-45 7-‘42-) N
1 04 ° 0s4* |} Curved piate 5 pian
2 04 04 04
21 04 10 0-40 ¢
» 02 18 030 "-:an:-) - 1
B 04 18 041 .fm
and rounded in plan
» 06 18 043
28 os 18 043 J
2 04 14 034 -nﬁ-)
n 04 1 012 rs=0-4
2 os 18 013 ry=0-#
» 02 18 014
30 04 04 066 yp’
EY) 06 18 037
[ 04 06 034 ry=0-2
» 04 10 028
[ 04 ) 016 "
38 o8 ) 037
% 02 18 [X)
57 04 ) 00 n=003
) () 18 056

112
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Test number e [ h Superstructure form
i
N 39 04 1-8 0-20 ry=0-725
ra=0-2
40 04 1-8 035
ry=0-72§
0-8 r2=0-05
4] 1-8 0-36
4?2 04 1-8 0-58 Step front
43 04 18 0-52 Step front, ry~=0-08
“ 04 18 0-51 Slope front
45 04 1-8 0:38 Step front, ry=0-725
46 0-4 1-8 0-30 Slope front, ry=0-$
47 04 1-8 0-48 Scep front
48 04 1-8 044 Slope front
49 04 18 0-40 Step front, ry=0-725
S0 04 0-69 0-67
51 08 1-38 0-60
52 04 1-8 o2 Step front
3 04 1-8 0-29 Slope front
4 08 18 o2 Seep front
L1 04 18 o4 Step o728
Py
% N 18 020 b
=03
04 18 0-42 a=04
=02
a=03
58 04 18 0-63 =04
ra=005
» o4 18 0-67 a=02
a=04
=02
& 04 18 . 036 =04
r=0-728
®=02
61 04 18 03 a=04
rn=02
« 06 18 on a=02
a=04
[ < 04 18 oM
( o o4 04 o7
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Test number | a : ¢ ! h |
| ' [ No forecastle or
76 - 0-4 | 18 0-42 i bulwarks
7 f , 0-12 forecastle
0-4 i 1-8 0-35 ' and bulwarks
7 ( 04 | 18 0-29 | 0 forseaste
‘ 1 ' | and bulwarks
| 04 ; 18 0-27 | 04 sheer
' | 04 sheer, with
i 04 1-8 0-2] i well-rounded bow
i ; —
8 { 04 18 0-37 a=12
82 E 0-4 18 0-29 c2=0-4
83 ! 0-4 18 ' 0-42 62=0
84 . 04 ! 18 037 =17
85 ! 04 | 18 0-29 e2=12
86 i 04 ' 18 022 =08
87 , 04 3 18 0-22 =04
88 04 ! 18 | 0-30 e2=0
) | 04 ! 0-4 | 0-32
) 0-4 i 18 | 0-25 | Rectangular block |
9 ‘ 0-6 | 18 | o |
92 ; 02 | 18 039 t
9 , 04 | 18 018 ry=0-2
™ : o8 | 18 | on
95 04 | 18| 02 n=10 [ 20° yaw
9% I 04 i 18 | 022 ry=0-$
v | e« | 18 e Y s,
” l o4 I L] 029 e 'l"z‘s"'t
: ) 1
» ' 04 l 8 030 Dot e
' ry=10 J
100 | 02 | 0 0-56*
101 [ 06 | 0 0-74* Vertical plate
102 0s [ [ 0-76°
103 os | 18 045 Step frunt
104 os | 18 i 0-40 Step front, ry=0-728
108 [ 0-6 038 Step fromt, ry=0-725
106 o6 18 (3] Step front
_ 0=30"
107 o6 8 021 Sup froat, 7y =0-725
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[ 4 A‘D ~N 20

0. 7=Vdue of h for fist fronted superstructures

©The sthotches for
e angls of slops ¢

Tows 42-56 sad 103-107 in
A Toble I dhow how

oms;lndin'l'qm“md 69, and 70 and 71, where a set-back
deckhouse of given length produces a lower boundary when
it is farther back than when it is well forward.

These results suggest that, if the disturbance produced by
the superstructure is not too great, as with s low superstructure
or one with a well rounded or stepped front, conditions can be
greatly improved by arranging for there to be no space close
behind the disturbing edge in which large eddies can form.
One way of ensuring this is to have s sufficiently long super-
structure (length at least equal to its beam). But if the
initial disturbance is too great, filling in the space in this
way produces no improvement.

(d) Effect of Forecastle Deck
An example of the same effect is shown by Tests 81-88
on the influence of the forecastle deck, the length of which,

height of the turbulent zone with this change, culminating in
s value the same as for a bridge front of beight equal to the
difference in deck levels. Instead, the height of the zone fell
to & minimum much below this value, when the intervening
well deck length was about 0'S (Fig. 8). The same trend was
observed both with square and rounded bridge fronts.
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as the height of the superstructure melf measured from deck
level. The value of & can now be calculated; it will depend
mainly on five varisbles: rounding in plan, rounding in
clevation, angle of slope or step-back, length of superstructure,
6n‘u:l intermediate step-down (see sketches for Tests 57-62 and

The basic condition is tsken as a flat, vertical fronted
superstructure, rounded neither in plan nor elevation (Tests
1-13). The beyght A of the turbulent zone measured sbove
the top surface of this superstructure varies with the height a
snd also with the length ¢ of the superstructure. But as ¢
increases and becomes greater than sbout 1'S, h tends to
become constant (Fig. 7). The basic condition in these tests
is therefore taken 1o be a flat fronted superstructure of the
grestest length tested in this series, namely ¢ = 13. The
values of A for this basic superstructure are shown in Fig. 10.
The procedure iy now to correct this basic A, as necessary,
for‘:c oftheﬁvcvnmblesmenuonedmthemdmgpan-
[ L

(1) Effect of Rounding in Plan (Tests 14-26)

Since an edge radius has little effect, only rounding
extending over the full front is considered. Each value of &
observed in the relevant tests (Nos. 18-26) has been divided
by the corresponding value of 4 (Nos. 10-13) for the sharp
edged superstructure of the same.height to give a factor fr..
Thus for Test 24, for example,

43
"l = gss = 066

Fig. 11 has been derived from the data in this way; it
shows the values of /-, for different superstructure heights and
for various values of 1/r,, where r, is the radius of the rounded
front. It can be used to estimate the height of the turbulence
zone for any height of superstructure, by interpolation if
necessary, and for any degree of rounding im plan, within a
range that will cover most existing ships

‘Thus, for a superstructure of h::ght 0-35, for example,
mdlen‘thlt.mthafrommrvedmphntolndam()l

times the beam, 1/r, -{—sq-zs; and from Fig. 11 the

value of fr, is 0:68. From Fig. 10, A for the corresponding
fiat fronted superstructure is 0-55.
Hm,fcrthe;wndedwgc;;uucn;n

037
Although Fig 11 has been derived for
hnahcdlt."mpnbﬂy be wsed, within
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Fi16. 12—Front rounded in elevation
different values of ¢. Thus, applying the sbove procedure to
the conditions for Tests 20 and 21, in which ¢ =04 and 10
respectively, calculated values are obtained for k of 0'45 and
0-35 as aguinst observed values of 049 and 0-40. This agree-
ment is well within practical requirements.
(2) Effect of Rounding in Elevation (Tests 27-38)

For any generalization of this effect to be possible, it
appears ressonable to assume that the ratio of the radius of
rounding to the superstructure height (r,/a), rather than the
radius r, alone, is the governing factor. On this assumption,
Fig 12 has baen derived from the results, showing the factor
fs by which the value of A for a flat fronted superstructure
must be multiplied to calculate A for the corresponding super-
structure rounded in This curve, which was derived
for a superstructure length of ¢ of 1'8, cannot be used for short

superstructures because of the effect already noted in
§ 1. 1. 4(d). The effect of length for superstructures rounded
in elevation is discussed in § 1. 2. 3(3).

3 Coml;nzl)Bﬂcct of Rounding in Plan and Elevation (Tests
For a superstructure of ressonsble length, rounded both

0 —
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in plan (r,) and eclevstion (r,), the value of A can be obtained
by multiplying the basic A in turn by factors fr, and fr,
obtained from Figs. 11 and 12.

(4) Stepped-back or Sloping Superstructure (Tests 42-56)

The results show that 4 for a sloping-back front does not
differ much from that for a stepped-back front of the same
angle of slope (#), defined as the angle to the horizontal of
the line joining the extreme edge of the steps in side view.
A factor fo has been derived from the data, which is applied
in the same way as the factors f», and fr, to the basic value
of & to obtain the effect of slope. A curve of fo is plotted
in Fig. 13 on a base of §. This curve was derived from the
data for one height of superstructure only, namely a = 0-4.
The supplementary tests afterwards made (103, 104, 106 and
107) provided data for other superstructure heights, which
were found to be in reasonsbly good sgreement with values
of A obtained by multiplying the appropriate basic A by
factors fo ottained from Fig. 13, and also where necessary,
by /. obtained from Fig. 11.

M.
L d

RN R
- \N\\\\\"

F16. 14—Eflect of length of superstructure and radius r,
Tms42md43showthtthdecto{mmdingsloped

or stepped-back fronts in elevation is considerably Jess than
for & vertical front. It is therefore suggested that the allowance

5D
re

for rounding in elevation should be made only for fronts
sloping at more than 60 degrees to the horizontal.

(5) Effect of Superstructure Length

Fig. 14, which has been derived from the results of Tests
1, 3,7, 11, 27, 30, 32, 33, 34 and 37, shows values of a length
factor f. for superstructures of various lengths ¢ and degrees
of rounding r./a. Only the results for a height a = 04
were used in deriving this diagram, but, applying the factors
there given to the conditions of Tests 28 and 29, in which a
was 0'8 and 02 respectively, calculated values of & of 0-12
and 0-07 are obtained as compared with the measured values of
015 and 0'14. The agreement is good enough for practical

purposes.

It should be noted that the factor f, includes the allowsnce
for rounding in elevation. Therefore, when it is necessary to
use this factor, no separate allowance (factor fr,) should be
made for rounding in elevation.

(6) Effect of Intermediate Step-down (Tests 57-62)

The results are not sufficiently numerous to define this
effect with certainty, but Fig. 15, which relates to a super-
structure height of 0'4, can be used as a guide. The effect
is significant only for superstructures rounded in eleva-
tion. For such superstructures, and probably also for well-
sloped or stepped-back fronts, it is clear that an apprecisble
intermediate step-down will destroy much of the improvement
due to rounding or slope.

1. 2. 4. Application of the Method to Actual Ships

As examples of the application of the method of
estimating the height of the turbulence boundary, calculations
have been made of the heights of the boundary for the three
ships A, B and C which were used for the full-scale-model
comparisons previously mentioned and described in Part II.
For esch of these ships, the actual height of the turbulence
boundary was slso determined by model tests, using the H. S
method, so that three direct checks of the method have been
obtained. The calculated heights are compared with the
observed turbulence boundaries for the three ships in Figs. 1,
16(a) and 16(b), and it will be seen that in each case remark-
ably good agreement was obtained. In all three cases the
;l‘gmce between estimated and observed height was within 3ft.

scale

It should be noted that the method of calculation makes
mdlmnceforﬂ\eeﬁxoftbefunmlontlnheightofth

The dimensions required for applying the method were
scaled from drawings of the three ships. Details of the calcula-
tions for Ship A are as follows: —

The breadth of the superstructure, which increased slightly
for some distance sft, is taken as the breadth at the front
face. The various dimensions, in terms of the symbols shown
in Fig. 17, are a3 follows: —
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@ = height of superstructure of full width = 0-54,
& = 0103,
a =014,
b, = 043,
=07
In the same notation
b =190

(1) Determination of the Effective Height o’ of the Super-
structure
() Allowance for forecastle and sheer.
Since ¢, is less than 1:2§
a =a, =014
(ii) Allowance for wheelhouse, which is flush with
front of su;
ad=ag-a,+ab
=054 - 014 + 0103 x 043
-m o'“

(2) Allowance for Rounding in Plan
7 ( on drawing) = 11,
ie 1/ri=09
and fr, = 0'8 from Pig. 11
(3) Allowance for Rounding in Elevation
None.
(4) Allowance for Stepped-back Fromt
The angle § measured from the drawing is about 60
fo = 092 from Fig 13.

(S) Allowance for Length of Superstructure
The length of the superstructure is somewhat uncertain

because of variations of height, but it is at Jeast 1'8;
f. =10 from Fig 14.

(6) Determination of h
bRy XfroXfoxf,
From Fig. 10 it is found that for a’ = 0-44,

sesric = 06
&mh-gzxo-sxoazxro
This is measured from the top of the imsginary super-
structure of height . This imaginary superstructure is lower
than the actusl superstructure (which is assumed to extend to
the wheelhouse top) by the amount a, ~ a,b,, i.e. 0-06.
Hence A m;s"u‘red sl&ve wheelhouse top

8
This height is shown by the dotted line in Fig. 1 in
comparison with the H,S line.

1. 3. CONCLUSIONS TO BE DRAWN FROM PART I
A method has been developed for estimating, from
drawings of the ship, the height of the turbulence boundary.
The method is based on the use of simple formule and
diagrams; and comparisons with observations on three different
ships hsve shown that it ensbles sccurate predictions to be
made of the height of the turbulence boundary.

PART 11—COMPARISON BETWEEN MODEL AND FULL-SCALE OBSERVATIONS OF THE
HEIGHT OF THE TURBULENCE BOUNDARY

wmmmmmﬂh introduction
%0 the paper. Three ships were for the purpose; the
turbulence boundary for was traced the H.S
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2. 1. METHOD OF EXPERIMENT

Initial attempts t0 use streamers were not entirely stisfac-
tory, and, with the help of the Chemical Defence i
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2. 2. TESTS ON SHIP A
2. 2. 1. Results of Tests

Typical sets of cinematograph records at the foremast of
Ship A are shown in Figs. 18(z) and 18(b). Since it was
not possible to find a position on the ship from which to
photograph the smoke trails from all the smoke generators
simultaneously, the upper and lower trails were photographed
separately. They can be identified if it is remembered that
No. 2, the second from the top, appears in Fig. 18 to be
at the level of the upper triangular bracing of the mast. There
were six generators at heights of 31, 28, 24, 20, 16 and 12ft.
sbove the foot of the foremast, and six alsc abreast of the
mainmast at heights of 28, 24, 20, 16, 12 and 8ft.

The two highest trails at the foremast showed that the
flow at 31ft. and 28ft. was steady, and the two lowest that
at 16ft. and 12ft. turbulence was strongly developed, with
frequent reversals in direction at 12ft. and some at 16ft. There
was occasional disturbance of the third trail at 24ft. snd

to the Descent of Funne! Smoke

at the mainmast experienced some disturbance for 20 or 30 per
cent of the time, unsteadiness did not begin to develop to
any apprec.:ole extent above the level of No. 3, and was
predominant at the heights of the two lowest trails. From
the observed fact that smoke would be sucked down from
the level of sbout gencrator No. 4 on the foremast, where the
percentage of U-disturbances was 6, it would scem that the
corresponding position at the mainmast would be about
generator No. 3 (20ft. above the foot of the mast) where the
U-percentage was 8. It should b noted, however, that since
the mainmast is much nearer the stern, it does not necessarily
follow that smoke would descend 1o deck level within the
length of the ship »ft of the mast.

2. 2. 2. Comparison with Wind Tunnel Results

Fig. 20 shows the heights of the turbulence boundary on
a model of Ship A, determined by the two methods described
in Appendix 2. Three shadowgraph boundaries (full lines}

TasLE 11—ANALYSIS OF RECORDS

| Foremast | Mainmast
T"’;‘e ! Percentage of total number in category ' Percentage of total number in category
number . Number of : Number of ;
| records examined S | D U records examined | S | D ! U
| 155 100 ) 0 551 n 3 0
2 ! 140 94 [ 0 625 67 30 | 3
3 710 el 21 0 688 51 . 4] | 8
s | 710 © 54 6 760 St 47 4l
] : 560 0 37 63 748 | 1 21 78
6 | 361 0 4 96 543 | o | 18 82

distinct turbulence at 20ft. (smoke generator No. 4). Subse-
quent visual observations with the generators 2, 3 and 4 only in
action showed that smoke from No. 4 occasionally drifted
forward to the bridge. It thus appears that the effective height
of the turbulence boundary at the position of the foremast is
at about the level of generator No. 4.

Some of the results obtained st the mainmast are shown
in Figs. 19(a) and 19(b), the former for the three upper
generators scparately, and the latter for the three lower. It
was not as easy as for the foremast position to distinguish
clear cut differences in the behaviour of the three upper trails
from onc another. Although for most of the time trails 1 and 2
were steady, as in the upper frames of Fig. 18(a), there were
times when even No. 1 became somewhst disturbed, as in the
three lowest frames.

of comparison, a simi
from the foremast. The results are given in Tsble II.
This analysis shows that, although the two upper trails

Seuncares of turbuience on mode/
Shadow method
(avthout funne/}

(At tnes)

o aand hnal 1 4

Bagrwvwng of
Smoke on deck (wrthout funne)
an deck (eveh Aving))

_____
.....

are shown in Fig. 20, corresponding to the criteria indicated
st the left-hand side of the diagram. For practical purposcs,
it may be said that the second shadowgraph line from the

represents the boundary at which appreciable turbulence

frequency and degree of disturbance, however, increase some-
what towards the lower boundary of this zone.

Except near the forward edge of the bridge, the second
shadowgraph line agrees well with the upper dorted line,
which represents the height at which turbulence begins to
spread downwards, as indicated by the chemical reaction
(H,S) method. The lower of the two dotted lines® marks th:
beight above which H,S must be introduced if it is to bz
clear of the stern of the ship; any H,S introduced belov:
i i to deck level at the stern (Appendix 2).

It is clear from the wind tunne] results that the change
from smooth flow to strong turbulence takes place not at

¢ There are two “lower” lines in Fig. 20, one for the model with
funnel and one without.

-------
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sharply defined line, but over & transition zone of some
, which is greater aft than forward. The results obtained
with the smoke generators show that this is true also for the
full-scale ship.
The positions of the six smoke generators are denoted in
ig- 20 by the points §,, S, . « at each mast. At the
foremast, turbulsnce was found to be appreciable on the full
scale at about S,, and this comes well within the transition
band as determined on the model by shadowgraph. It also
sgrees satisfactorily with the H.S results: as already men-
tioned, smoke from generator S., 20ft. above the foot of the
mast, could be just detected by smell on the bridge forward
mast; and comparative experiments in the wind tunnel
with the H,S technique showed that the smoke would be carried
to the bridge when emitted from a point at the foremast
model corresponding to a full-scale height of 18ft.
sbove the mast foot. It will also be seen from Figs. 18 and 20
hat the full-scale results agree well with the model shadow-
grsph results in showing that at the foremast there was prac-
y no turbulence at S, and S,, that S, was occasionally dis-
turbed, and that turbulence was pronounced at S, and S,.
This agreement between model and full-scale is equally
good for the results at the mainmast.

&

i

to the Descent of Funnel Smoke

. 2. 3. TESTS WITH SHIPS B AND C

Figs. 21(s) and 21(b) show the turbulence boundaries
obtained by the H,S technique on models of Ships B and C,
together with the positions of the smoke generstors used in the
full-scale tests. tehaviour of the smoke trails is also
noted on the diagrams, and it will be seen that there is
again good agreement between the height of the urbulence
boundary (model) and that of the smoke generator at which
turbulince set in on the full-scale. Because of the absence
of a mainmast, it was not possible on Ship C to straddie the
turbulence boundary with the smoke generators, which were all
below the boundary.

2. 4. CONCLUSIONS DRAWN FROM PART II

The type of flow over a ship model as determined in a
wind tunnel sgrees well with that existing on the ship itself
in regard to the wide transition zone over which the flow
changes from smooth to turbulent, to the heights of the
boundaries of this zone above the ship, and to the limiting
height above which smoke must be emitted if it is to clear the
decks. The results of such wind tunnel experiments can there-
fore be applied directly to the design of funnels and super-
structures.

PART 1II—PREVENTING THE EJECTION OF SMUTS BY REDUCING THE GAS VELOCITY

gy
?i;‘?*é?.&

If the smuts are to come to rest, V, must be less than V,,

(ii) The velocity of the smuts drops from V, to zero.

In the first stage, & smut is moving upwards relatively
to the gases, and the force on it due to the resistance to motion
through the gases is downwards; in the second stage, the smut
i3 moving more slowly than the gases and the resistance acts
upwards,

‘The following solutions have been obtained by Dr. J. B
Richards for the equation of motion for a smut in esch of
the two stages: —

Stage (i)

h-‘-'{"—[q tan-' (p~g-1)-~log TT(?:;T?
................................................ (1)

'8,
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will be incressed in the ratio 4,335+ Hence we may take V, a5

15fe. per sec. or 10ft. per sec. The remson for the difference
has not been explained, but, as the following calculations show,
the effect is not serious for our present purpose.

3. 3. CALCULATIONS OF REQUIRED HEIGHT OF EXPANDED UPTAKE
(a) Calculation of h,

Equation (1) has been used to derive Fig. 23, which gives
values of A, for various values of the velocities V, and V.. The
four full curves .or different values of ¥V, all relate to a velocity
V, in the expanded section of 10ft. per sec., and the dotted
curve is for V,=12-5ft. per sec. Each of the cross curves
relates 10 the constant value of V, indicated. The practical
range of V, is probably within the limiting values of 10 and
20ft. per sec. included in Fig. 23; and it is seen that, if the
velocity V, with which the gases enter the expansion is not
greater than 45ft. per sec. the requisite height of the expansion
is less than 8ft. Comparison of the dotted curve with the one
immediately below it shows that this conclusion is practically
unaffected by quite large changes in V,.

(b) Calcsdation of h,

Equation (2) shows that h, depends only on the value of
¢, as it must do, since the equation gives the height in which
the particle comes to rest after its upward velocity has become
equal to the velocity V, of the gases in the expansion.

Thus, for esch value of g, 4, is a constant height to be
added to A; as obtained from equation (1) or Fig. 23. The
values to be added, obained from equation (2), are 1'4, 1-8
and 2-2fr. for values of g of 0'S, 0'8, and 0'99 respectively.

3. 4. DISCUSSION OF RESULTS
Although there is some doubt sbout the terminal velocity
smuts, it seems unlikely that it will exceed 20ft. per sec.
Jess than 10ft. per sec. in gases at a temperature of 360
. If that is s0, and provided that the velocity of the
in the expanded uptake is not greater than 45ft. per sec.,
total height of uptake required is about 7-7ft. for stage (i)
¥ stage (ii), or a total of about 10ft. To allow a
gin of safety, it is suggested that & height of 12ft. be taken

as & minimum practical requirement.

3. 5. CONCLUSIONS FROM PART IIt
It appears probsble that the ejection of smuts can be
prevented by including in the uptake a vertical section in which
the gas velocity is reduced. If this velocity does not exceed
10ft. per sec. and the velocity abead of the expansion is not
greater than 45ft. per sec., the total beight of the expanded
section should be about 12ft,
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Path of HyS

M, S introduced Aers

Pig. 26
The upper dotted line, indicating the beginning of turbu-
lence as determined by the H,S method, is obtained by using
a small vertical streamlined strut one inch downstream of the

H,S jet. The strut is mounted on the same support as the
jet and moves vertically with it. It is painted with lead acetate,
and as Jong as the jet is above the turbulent zone the lower
edge of the black stain that occurs where the H,S impinges on

the strut does not move up or down the strut as the jet and
strut are gradually lowered. But at a certain position of the
jet, the lower edge of the stain moves downwards quite sharply,
giving a point on the upper dotted line in Fig. 20; and this is
taken as the beight at which turbulence begins, i.c. the upper
boundary of the turbulent zone.

This position is much more easily determined than the
corresponding shadowgraph point and is much more definite;
different observers obtain the same readings within close limits.
It will be seen from Fig. 20 that, except well forward, the
upper H,S line agrees well with the second shadowgraph line,
which marks the height at which turbulence begins to be
appreciablé and the heated-air shadows begin to shorten. The
divergence of the two lines forward has not yet been explained.

One further point should be noted: it will be seen that
the two H,S lines approach one another near the foremast.
The reason for this is that H.S introduced at a point above
the turbulence boundary can still enter the turbulent zone and
find its way to deck level if the boundary is rising behind the
point of emission of the H,S (see Fig. 26).

APPENDIX 3
THE TERMINAL VELOCITIES OF SMUTS

1. Determination of V,, the Terminal Velocity of a Smut, by
Calculation
If the weight of a smut is known, the terminal velocity
can be calculated as follows : —

ie. mg =3 p AV Cp .enerrinvrenninnd 3)
where m = mass of smut,
p = air density =0-0765Ib./cu. ft. at about

60 deg. F. and 30in. of Hg,
A = cross-sections! area of smut,
Cp = a resistance coefficient.
‘The value of C, depends on the shape of the smut. This
wmnm.&:mfmwwmnmmmzc,is
1-0. Uuncthu value of Cp in equation (3), the follow-

ing equation is obtained for V,

V.-zpm. ........................... (4)

‘The most obvious sssumption thevma
smut is that it is proportional to the cube of the s
and, since A4 is proportional 0 the square of the di ;
egquation (4) shows that if this assumption is correct the
terminal welocity V; will be proportional to the square root of
the diameter. But the dropping experiments carried out lster
(see (2) below) showed conclusively that the serminal
was independent of the size of the smut.

A possible explanation of this is that the smuts are all of
the same thickness ¢. For then the weight of any particular
smut is equal to o Af, where o is the density of the soot; and
fnserting this value of the weight mg in (3) one gets

v 20t
A =
'ﬁdllhmdnau:.

t appears proba
constant thickness and are
chrdlootonmnm

o calculate V; by means
m, the of a smut,
follows : —

‘The chief engineer of
soot colleceed from the decks, made

10 smuts of $in. diameter
7 smuts of 4in. diameter
2 smuts of #in. diameter
These were reduced 1o the equivalent number of $-in.
diameter smuts on the assumption that the smuts were of
constant thickness, i.c. that the weight was proportional to the
square of the diameter. The total equivalent number of $-in.
smuts was thus calculsted as 446; the total weight of the
sample was found to be 2'85 gm., so that the weight of one
#-in. diameter smut was 1-41 x 10°1b.
ing this value of m in equation (4), one gets
V. = 11-8ft. per sec. in air at sbout 60 deg. F.

2. Determination of V, by Timing the Drop of Smuts through
@ Measured Height
'I'heqmtion'of motion of a freely falling smut is

m 2?’: =mg -2p A Cp (5—;)

where A is the height from the starting point.
If the smut starts from rest, the solution of this equation is

dh / VR
om ¢ had

F ] =V = y 4 2 m:' ............. (5)
e +1

where K= $§p AC,
-]pdif.ubdon.it’nmumedmtcpgl,

end V is the velocity of the smut at time 1.

Thuminllvdocityisobnin_ed;byputﬁngtaac;

vi= /5




Discussion

plotted agoinst ¢ shows that at the end of one second the
velocity is over 99 per cent of the terminal velocity. This
curve also ensbles us to calculate the terminal velocity from
the average velocity over any interval starting from rest; and
the average welocity can be obtained by observing the time
taken for a particle to fall a8 known beight.

Obeervations were made on the ship of the time taken
by smuts of various sizes between 3-in. and 4-in. diameter to
fall through & height of 21-5ft. [Eight observations in all were
made, and the average time of fall was 2'1 sec., giving an

velocity over this period of 10°25 per sec.
curve of V/V, obtained from equation (8) showed that
the ratio of the terminal velocity to the average velocity over
g -14; hence
V,= 114 x 10:25 = 11'7ft. per sec.
t between this value and that
obtained by calculation (11'8, see (1) above) is probably partly

:

~
[
-
-

accidental, but it shows that the values obtained for V, and
the assumed value of Cp are of the right order.

Some further observations were made the next day with
smuts that had been lying on deck all night. On this occasion
the vessel was berthed and the smuts were dropped over the
side through & beight of 52-25ft. to water level. Again, smuts
of various sizes fell at the same rate, but the terminal velocity
obtained in the same way as for the previous day was 8-1ft
per sec.

The reason for this difference has not been explained. In
making the calculations, the value of the mass m of the smuts
was assumed to be the same as that used in the earlier calcula-
tions. This mass may have been different, or there may bave
been an up-drsught up the ship’s side. However, as pointed
out in the main text, the discrepancy does not affect the con-
clusions to any material extent.

Discussion

MR J. P. CaMPBELL (Member of Council) said he was
privileged to be at sea with one of the authors of this excellent
he carried out some of his ship tests for the pur-

of checking the records he bad obtained from wind
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a ciné camera whilst standing in a lifeboat—a hazardous posi-
tion at ses. This gave some idea of the lengths research
workers were prepared to go to get confirmation of the experi-
ments,

The short answer tc the funnel smoke problem was still
t0 make the funnel high enough and in this paper, possibly
with diplomacy, the suthors avoided the discussion of

There was a time when funnels on ships were known
as “smoke stacks” and were used
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Superstructure Design in Relation

damage 10 passengers’ clothing, tarpaulins, lifeboats, etc.
Arresting smuts in funnels by water washing, or methods of
straining and retaining them in funnel tops, proved extremely
expensive in maintenance repairs, but there was no doubt they
could be arrested, but this resulted in extremely rapid corrosion
of steelwork. The best way to prevent smuts from landing on
deck was to eliminate them at source. Experts on oil burning
would confirm that if the CO, content in the exhaust gases
was increased to 14§ per cent, the smut trouble was eliminated.

He would like to thank Mr. Ower and Dr. Third for this
extremely interesting information. Only the authors would
know the extensive tests and research that had been necessary
before this paper could be published.

MR. C. H. Burce said the suthors should be congratu-
Iated on their lucid presentation of the results of their experi-
ments to « ermine the course of the turbulence boundary. It
would &~  that the investigation was to be continued and
if this w 30 the authors had provided themselves with s
weapon to wnnihilate their critics inssmuch as the parts of the
paper subjsct to criticism might still lie within the scope of

designed on 1t i lines recommended.

The expe. iment so far had been limited to the wind ahead
condition and the resuits presented in the paper should appeal
specially to constructors in the Department of Naval Con-
struction of the Admiralty, whose problems from descending
funnel gases mostly arose in winds between O deg. and 10 deg.
off the bow. Naval architects engaged in the design of pas-
senger vessels would gain very little assistance from the paper,
use their ships did not meet with adverse conditions of
until the relative wind was between 17 deg. and 20 deg.

bow. In this respect, the authors’ statement on the
of yawed winds was misleading. It gave the impression
t & funne] with a satisfactory performance at wind ahead
d be equally satisfactory in winds off the bow. In these
dasys of high maintenance cost it was important to avoid
damage from the acid consutuents in the funnel gases and, in
many shipe, lifeboats and lifeboat covers suffered heavily from
this form of contamination. Obviously the damage occurred
mostly in winds off the bow. Other requirements of modern
times demanded that the funnel itself should be free from
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to the Descent of Funnel Smoke

return to the funnel from a distance as far as two funnel
widths down stream.

There were several ways of dealing with this situation and
so far the remedy had been discovered mostly by model experi-
ment. At the moment, this would appear to be the quickest,
cheapest and most satisfactory means of providing the naval
architect with the right answer.

It was interesting to learn of the authors’ success in cor-
relating model and full-scale results from observations taken
on a cross-channel ship. In coastal waters the presence of
land masses introduced such inconsistent fluctuations in the
velocity and direction of the natural wind that there was no
time when the air flow over the ship was in a steady state
long enough for observations to be taken.

Accordingly one prayed fervently for calm conditions on
such occasions when the relative wind would be wholly from
dead ahead and »qual to the ship speed. This would then
correspond with the wind tunne! conditions where there was
no velocity gradient. Because of the fluctuation in the natursl
airflow in coastal waters, wind tunnel results were regarded
as being applicable to open sea conditions, but only scanty
full-scalc evidence was yet availabie for correlation with measure-
ments taken on the model. Nevertheless, it would appear thst
there was close agreement between model and full scale over
those parts of the ship forward of the funnel, but downwind
of the funnel the temperature of the heated surfaces, funnel
gases and ventilated waste air introduced buoyancy effects
which changed the pattern of the air fiow from that experienced
on the model. Accordingly one might expect the paths of
the turbulence boundaries downwind of the funnel to be
;ligh;ly sbove those drawn for the model conditions in Pigs.

t0 6.

It was impracticable to study the descent of smuts
means of model experiments and generally it was
that their own momentum on emission would csuse
follow a higher trajectory than that of the lower boun
the plume. The method suggested in the psper for trappi
the smuts was ingenious but modern ships at service
discharged the funnel gases st high velocity and it was
sble therefore thst the necessary length of expan
between the induced draught fan and the outlet might

to be accommodated conveniently within the
ing. mogdetmwaﬂdbemndsogamt
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Superstructure Design in Relation to the Descent of Funnel Smoke

was supplied with sufficient data to keep his turbulent
a minimum. It must not be forgotten, when consider-
smoke nuisance, that there is another factor, that for

gﬂg
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turbulence might scem to be a
s0ne From the shipowner’s point of view it
might be a 30ne of lost money and the shipowner appeared to
be suffering from a surfeit of such difficulties in these days.

Mz K. F. McGaecon said that the authors had presented
very i i design and the

smuts could be prevented from leaving ships’ funnels merely

out to the side. These could be skimmed off the wall of the
body through a vertical slot and immediately passed tangenti-
ally into a small cyclone collector integral with the main body.
In this cyclone the dust, now spinning in the opposite hand,
would slide down the walls and be collected in a suitable
hopper for disposal. The secondary gas carried over with
the dust would be discharged through the top of the cyclone
and passed back to the main gas stream. For the conditions
under consideration, the pressure drop across the collector
would be sbout 1-7in, w.g.

The enlargement suggested was about 9ft. in diameter and
12ft. high. For the type of collector now considered, the main
body would be about 7ft. in diameter with an integral second-
ary cyclone of 27in. diameter with overall height of about 10ft.
Fig. 27 showed the two arrangements to the same scale.

by enlarging a section of the upgoing flue. It was appreciated o-5" pe— 6-11"—
an effort had been made to substantiate this by calculation pa- 40| ‘
and observation of the terminal wvelocity of the smuts in | p—
ion, snd that the design of the enlarged section of the
was probably theoretically correct but in practice would
be far from sufficient.
Comider a ship with an oil-fired boiler of approximately
100,000tb. per hr. evaporstion. This would produce a gas
volume of something like 36,000 c.f.m. at 360 deg. F. For
43ft. per .:cd. t:s velocity ;he flue would be about 4fti0fin
diameter, diameter of the enlarged section to give 10ft. )
per sec. would be about $3ft. ralOR per mi.
Before considering the behaviour of smuts having terminal
welocities of sbout 10ft. per sec. one must be sure that the
welocity distribution across the enlarged section was good. In ‘-—"*
oormal measuring and sampling in ducts, a general rule to v—a5 R per min
ensure good distribution was thst the measuring point should )
be about six diameters downstream from the previous change
of section or direction, which—if applied to this case—meant
that the enlarged section must be at Jeast 6ft. x 8ift., ie. S2¢ft
high, followed by the necessary 12ft. for the sertling of the
purticles. This might be taking things to extremes but cer-
tainly 12ft would not be sufficient for the smuts to settle out.
Bad eddies would be formed st the entrance to the enlarge-
ment and would make themselves feit a considerable way up.
Thus many particles would be carried over in vertical velocity
components of the eddy currents grester than 10f1. per sec. .
As to the smount of soot t0 be dealt with, the probsble
emission might be of the order of one ton per day. Using This type of collector would most certainly catch the
an enlsrged section or separsting chamber, a3 susgested, s fog smuts and some of the finer particles which formed smuts,
of smuts and soot would build up in the chamber and means but not all of them. Some of the small fine particles that
would have 1 be found to extract it. The arrangement as passed the collector and were not caught would settle on any
it was miaht stop some of the smuts semporarily but would oooler surfeces between the oollector outlet and funnel dis-
pot cstch them and permit disposal, charge, forming more smuts. These would eventually be blown
It was necesssry to make provision not only to arrest the off and come down on deck. The ducting between the col-
but to collect them. This could be done fairly simply lector outlet and the funnel outlet must therefore be kept to
passing the upgoing gases through a vane ring, so that the a minimum,
particles world be thrown to the wall of the chamber. The Another way was to improve the collector efficiency for the
chamber could also be enlarged to reduce the ing velocity very fine smut-forming particles. This, however, was a
end the centrifugal forces would push the and smuis  difficult and expensive thing to do.
Correspondence
Ml.l.'.mt\'i@haidmt)% would recall these “old timers” with their smoke i
authors did well 20 emphesize early in the paper the m:lyumdomdwdlduroftheship. In the Indisn
Setween smoke and what they called “smuts”. in calm westher the smoke plume could be seen floating
Smoke had only comparstively recently become a problem, well up in the sky and stretching for many miles—not the
“yubmmnddm.mdhm:hnm ssme colour, of course, but not unlike the vapour trail fre-
%0 the low exit of their boller products of combustion. mthmhmwmm
Oune mew off burning swamer in the Docks was seen The early too, gave few smoke problems
00 have the smoke actually spilling over the odge of the funnel but it did have its “smut” problem. Just like & house chimney
down 10 the deck. What s contrast %0 the nstural drsught which was not kept swept, the accumulations of carbon in the
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Discussion

out of the funnel. This problem came very much to the fore
during the war years, aggravated by the necessity for fast
Diesel-engined ships to keep station in slow convoys. Before
other measures were evolved, convoy commodores permitted
such ships in daylight hours to break convoy and race around
at full power to burn up oil and blow out the loose carbon
from their exhaust systems. If they did not, the risk was
that a “chimney” would suddenly “catch alight” during the
night and produce an enormous “Roman candle”, advertising
far and wide to any lurching submarine the exact wheresbouts
of the convoy.

This danger was overcome in his Company's ships by
removing the cast iron nozzle at the top of the silencers, thus
reducing the exit velocity, and fitting over this exit an in-
verted cone against which the red hot cokes impinged and
were deflected down into the funnel top. A water spray was
fitted to quench these red hot cokes and by washing them away
prevented the accumulation of a destructive red hot mass of
carbon. Those who had raked on to a stokehold floor plate
ashes from a coal-fired boiler or carbon from the back ends of
an oil-fired boiler would fully sppreciate the problem. The
quantity of cokes and smuts that did accumulate on the funnel
t10p was most surprising.

Figs. 28 and 29 showed the arrangement described. The
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As the suthors kindly mentioned in their acknowledge-
ments, his Company had willingly, but in a small way, co-
opersted in the investigations which gave the Institute this
most informative and helpful psper. Some ten years ago his
Company's directors decided that the time had arrived to
break away from the traditional profile of their ships. The
profile had altered little from that of their coal-burning
steamers. Improvements in crew accommodation and in the
amenities provided required for many reasons that everyone
be housed amidships. To maintain the carge carrying capa-
city, no crew space could be allowed below the weather deck
and 50 eventually the profile shown in Fig. 21(b) in the paper
was evolved. The traditional profile had been not unlike that
shown in Fig. 21(a) except that instead of the continuous
amidships house shown there was a bridge house (accommodat-
ing the navigating officers and twelve passengers) and s separate
amidships house (accommodating the engineer officers and
stewards), separated by a cargo harch on the weather deck;
the crew were forward on the forecastle with the petty officers
aft in the poop. .

Examining these two profiles (Figs. 21(a) and 21(b)) it
would be seen that whilst the funnel heights above the water
Jevels were much the same, the funnel of Fig. 21(b) appeared
by comparison 10 be hernmed in by the superstructure.
funnel of Fig. 21(a) on the other hand stuck up well into the
air like the spouts on the top of some recent ships. But it
would be noticed that by careful design the turbulence bound-
ary height was practically the same and in service the stream-
lined superstructure ships had given no smoke problem.
Which was precisely as was anticipated, the owners and the
builders having taken advantage of the offer by Thermotank,
Ltd,, to test a model in their wind tunnel before finalizing the
new

profile.

Also, as the main engines and suxilisries were Diesels, the
smoke exit velocities at the funnel top were such ss to clear
the turbulence boundarv. The silencers were designed to col-
lect coke and smuts. When an oil-fired donkev boiler was in
use, the smoke tended to “hang” to the top after end of the
funnel and “roll” aft just under the line of the turbulence
boundary, gradually falling to, but rarely reaching, the poop

Prior to and since the above wind tunnel test the
systematic tests, as detailed in the paper, had been carried out,
from which a most useful method had been evolved by the
authors for estimating the height of the turbulence boundary
and also from which the advantages of streamlining were
clearly proved.

The suthors were to be congratulated on this lucid
position of their researches and their thanks were due to
Principals for their permission to the authors to make these
researches available to the Institute.

¥

Mr. M. HarPEr (Member) thought the authors were to
be congratulated on 8 very instructive and valuable paper which
should lesd to a more precise determination of funnel beights
and 30 avoid the sooting of the upper decks of vessels which,
in the most objectionable
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Superstructure Design in Relation to the Descent of Funnel Smoke

ucing the height of the

the effect in the above two tests of relatively small alterations.
With the outer funnel of full height and the inner funnel
well aft and extending about one foot above the top, there was
ndinincttmdencyforthemok;gobeduwudownnkm
Jeave
ner f

area to half its height in the eddy.
ith the outer funnel sufficienty to
fittings and leaving the in

area through the funnel. over the centuries.

i f the expansion in uptake be
aﬂmdbyminuuuinnsvdocityafmtheexpmsion?

wwamMmmemmm

Bgd
t e

54 mw

Mosais considered thst the paper provided

Mr C F

gde &R . §886¢ Ba® 4y es
e itk b dal b S
i 24 g cli
mmm“ me w mmmwd Mwmme I: thmw m
2§87 ¢ %3 ¢
wmmw Lp mmmm,mwww mmmmmw fany mm
a3 mm ills Mhmmmm ks
et phglh el
s i b
it g s
BEs80 § 8F FRERRSHNEY ja g8
mm 5 3 MW mMmmwmmmmmmw wmm mm mmﬂ af
U LT R L R T
HIERE mmwmmm“maﬁmu
i | wmwmmmwm iy w
b | L nn o
i Lo gty .Mm :
Hh Wmmwmm.mmmm“W,?ﬁ“mwm:mw
wplegdgkag $ LX)
mWM”MmMWWWmmmm“mm,mmmw.m,.wm HTH
RIS y

m&mwmm B mmmum
il mm..&mmmm
m.mmu um..mm mmm,
w,“m s ¥ , muhM*“mm

mm M Mm

m
MWW,

il m

.Clnukmdmnﬂn
which
of the
aa
th

Mosasown,
a
4 ship
possible
layout incl
smoke

m ﬁumum ﬁ

B r gﬁﬁﬁﬁ

m

w.nuu

loyh,C.P.

A, end

®
February 1952,

*




i
F
8
E‘
§
3
i
5
:

)
-in

LIRS,
iiggsﬁggﬁz-

&

L
¢

Discussion

4000, ,
i 200 4 mos
200 {320
Sm :::§

» 800 -990
¥ 400 460 3
§oo s

a 2001 30

100{/ Lias
% Z 7 8 i

0/ 2 3 4 3
Oiameter of partich which floats, mm.
Fi16. 30

chmn‘eymmddcnlyenhrpd.ncm_nidenhle F16. 31

be achieved more economically by taper- the function of arresting the smut was therefore deduced to
stack and finally distributing the gases over the full :ﬁtlongifthef?mdiverpdntthemtunlmdeohpmd
a stream of S degrees.
which qnlnﬁtyofaooteollectedwofthcctdegdllb.

successful installstion, a whirl of could be chimney
the t0p of the chimney. The portion performing Fig. 31 the arrangement of arrester described
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experience that they were not ejected only during

asked sbout the
ity after

|

possible effect of in-
lesving the expanded section.
that a relatively high velocity at the final exit

"
£

;

Mr. Ower maid

from the funnel was a necessary feature of many funnel
designs and added that the calculated height of the expanded
section would not be affected in any way by & restriction in
area following this section.

Pinally, Mr. Ower said he would like to comment briefly
ou the controversial subject of scale effect and in particular
on the questions asked by Mr. Stoot. In the first place, there
still seemed to be some doubt whether the results obuined on
a small model in the wind tunnel really reproduced what hap-
pened on the full-scale ship. To this he would say that the
full-scale checks described in the paper should dispel such
doubts in the future. Moreover, and to this Dr. Third with
his grest experience of model tests would agree, ad hoc smoke
investigations had been carried out in wind tunnels for many
years past on models of about the aize of those used in this
puper and tested at similar speeds. All the evidence was that
the results deduced from such tests are borne out on the full-
scale. Dr. Third confirmed that he had never known of a case
where the full-scale behaviour refuted the model results. The

research.

Mr. Stoot had also asked whether tests had been carried
out over a range of speeds in the wind tunnel to see whether
the results at all speeds were the same. As a matter of fact
they had, but if one accepted the fact that the full-scale checks
that had been carried out had been done at a Reynolds number
some 200 or more times that of the wind tunnel tests, one
had 10 sccept also that it was futile to carry out tests over a
range of speeds in the tunnel in which the range of Reynolds

fa

. Stoot also asked about the speed at which the
w out. On Ship A all the tests
at a ship speed of about 20 knots in conditions
to & head wind of about 20 knots. The
speeds for ships B and C were rather less. All the work had
been fi that it was most unlikely
that any of the effects mentioned by Mr. Burge in this context
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APPENDIX B

MILITARY AIR OPERATIONS

Three air flow gituations have particularly detrimen-
tal effects on helicopter and V/STOL operations. These
situations are turbulence, vortex formation and the stack

gas plume. The effects of these factors are discussed
below.

1) Turbulence and vortices - Turbulent air flow pre-
sents a danger to pilots when the helicopter enters a tur-
bulent region and experiences a sudden loss of lift. Most
modern helicopters are neutrally or negatively stable, and
are therefore fitted with automatic stabilization equipment
(ASE). However, even ASE does not fully correct the prob-
lem of transient forces as the helicopter approaches a
ship landing. Under such circumstances yaw maneuvers may
require sudden increases in power that exceed the capabili-
ties of the tail rotor. This situation is so critical that
the amount of control available to a pilot is often consi-
dered in terms of helicopter power limitations. The criti-
cal nature of the power available for yaw maneuvers is the
result of the tail rotor operating close to blade stall con-
ditions. One can readily see that no matter how responsive
a stabilization system may be, its effectiveness can only
be measured in terms of the ability of a helicopter to re-
spond to automatic control.

2) Stack Gas Plume - Often the stack plume close to
a combatant ship is surrounded by turbulent flow and the
plume itself is turbulent. The plume is especially dangerous
because it is highly heated and has a compound detrimental
effect on helicopter flight. PFirst the hot exhaust gases
decrease aerodynamic lift generated by the blades, thereby
reducing both hover capability and yaw maneuverability.
Secondly, the hot gases reduce the thermodynamic efficiency
of the helicopter's motive gas turbine. Although the plume
doss not always present these dangers it can not be complete-
ly avoided in ship operations. The senior engineer of the
helo class desk at MAVAIR has stated that a hot air plume
with an average temperature at 140° can be "lived with" [18].
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Turbulence, vortices and stack gas plumes separately
or in combination present serious threats to helicopter
operations from a ship but in addition many other factors
which can be controlled only partially, if at all, further
compound the problem. Perhaps the most serious situation
the pilot faces is landing his helicopter on the deck of
a ship moving in a seaway. Often the landing area is not
large, cross winds are high and ship motions (primarily
roll, pitch and heave) are significant. For these reasons
a pilot will establish a hover immediately over the landing
area so that he may assess relative motion between himself
and the ship prior to touch down. This time interval, be-
tween the beginning of the hover and when the helicopter is
down with the blades no longer producing significant lift,
is perhaps the most critical phase of landing. Conversely,
the most critical phase of take-off occurs as the helicopter
lifts off the deck and rises to a height sufficient to clear
the ship. While landing it is possible for the ASE to at-
tempt to counter ships roll once the helicopter has made
contact. This action can flip a helicopter over. It is
therefore important for a pilot to deactivate the ASE the
instant he makes contact and at the same time to manually
reduce the blade pitch to a minimum.

Air operations will continually evolve as helicopters,
ships and procedures are improved. Therefore the require-
ments for air operations can not be listed in this manual
without warning the designer that these requirements will
change. The only prudent instruction that can be made is
by way of examples that demonstrate only the general nature
of the design problems involved. When presented with a new
ship class, it is the designer's responsibility to determine
vhat effects air operations will have on the design and to
combine these limitations with all of the design criteria.

8CS ~ The Sea Control Ship was to be designed with
two locations for helicopter operations and one location for
V/STOL. Model testing demonstrated the landing areas to be
free from turbulence or vortex centers as long as the rela-
tive wind was from 010° clockwise to 350° (360° = 000° = head
winds). However, since the plume flows with the relative wind,
operations should be limited to relative wind yaw angles
from 010° clockwise to 170°. Relative wind from 010° clock-
wise to 090° would be dangerous aft of the island while winds
from 090° to 170° would be dangerous forward of the island.
In this manner the safe yaw angles for various operations were
determined. A study was also made to reduce turbulent wake
from ship structure adjacent to areas where air operations
were conducted [17].




AO177 - The "AOl177 Air Flow Report" [18] contains de-
sign information about VERTREP operations. The A0 has a
"T-line"” marked on the deck behind which the helicopter
will remain during VERTREP.

During normal hovering for sling attachment to the
helicopter hook, the rotor blades will be approximately
20 feet above the deck (This height includes 5 to 8 feet
from deck to the hook plus an additional 12 feet to the
rotor blades.) subsequent to an approach and steady hover.
The blades will be 30 to 40 feet above the deck at load
lift off which places the intakes 34 feet above the deck.
The height of the blades will increase while under full
power to 50 feet when the load will clear the ship's side.
Normally the approach for VERTREP is downwind when flying
empty and into the wind for loaded conditions to provide
maximum lift. However, the approach can be made at any
angle aft of the T-line. To allow consideration of vari-
ous approach angles, the exhaust plume gas trajectory and
temperatures were evaluated at several relative wind angles
making the following assumptions.

1. The ship speed is 20 knots. The wind velocity will
be 60 knots relative to the deck at 0° relative wind angle.
This angle was chosen because it given the shortest distance
of plume travel to the hovering area and therefore, the
highest plume temperature.

2. The steam power plant will be operating at cruise
power level.

3. Ambient temperature was assumed to be 100°F.
It was found that the center of the plume was about 90
feet above the hover point and that the temperature at the

maximum hover height would be approximately ambient. There-
fore the AO should present no problems for VERTREP operations.
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APPENDIX C

HEAT SENSITIVITY OF TYPICAL MILITARY ANTENNAE COMPONENTS




I. INTRODUCTION

Work covered by this report was performed for NAVSEC
Code 6179A.04 under Modification P00009 of Contract N0O0024-
70-C~1127 (Consolidation and Integration of Antennas into
the Sea Control Ship Hull Structure).

It is the purpose of the investigation covered by
this report to determine the effects of elevated ambient
temperatures on mast mounted equipments and to define if
possible the maximum allowed temperature limits for the
following specific items:

o0 Coaxial Cable

RG-214, 218, 333, 1-5/8" foam
dielectric

0 Waveguide
o RADAR
© TACSATCOM
© AN/SRA-17
" © AN/SRA-43
o URD-4
o0 URN-3
© Wire Rope (for antennas)
© Antenna Insulators
Stack gas exit temperatures on the gas turbine-
powered Sea Control Ship were expected to be much higher
than those experienced on the majority of U.S. Naval
ships. It is evident that, with the single-island con-
figuration considered for the Sea Control Ship, mast

and yard-mounted equipments may be subjected to in-
creased environmental stress.

0
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A determination of the expected ambient temperatures
due to stack emissions is the subject of a separate inves-
tigation by others.

2. APPROACH
2.1 Lower Bound

The items to be considered are, in general, designed
and fabricated by the lowest bidder to meet requirements of
MIL-E~16400, Electronic, Interior Communication and Naviga-
tion Equipment, Naval Ship and Shore:

© Non-operating, =62 to +75°C

© Operating, -28 to +65°C

Thus, an ambient temperature of +65°C may be taken as
a lower bound. Whether or not an item of equipment will with-
stand higher ambient temperatures depends upon a number of fac-
tors, including the design margin applied to the weakest link
within the item.

2.2 Upper Bound

The upper bound for passive devices (those that
dissipate no power) is obviously determined by the
maximum service temperature of some critical material or
component within the device.

Por active devices (those that dissipate power,) the
upper bound must be reduced to allow the required power
dissipation to take place without exceeding the maximum
service temperature of the weakest link.

As a practical matter, since both corrosion and failure
rate due to thermal stress factors tend to increase
exponentially with temperature, it will be necessary to
operate at ambient temperatures considerably below the
upper bound.
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the failure rates are asymptotic. They illustrate that
reduction in temperature at any range down to about
20°C is reflecteg by significantly lower failure rates."
The following detailed analyses of specific items
shows the procedure and rationale for determining recom-
mended maximum allowed ambient temperatures given in Table
2. In some cases, the procedure can be firmly supported
by published data. Most, however, require application cf

judgement to incomplete data or extrapalation from similar
items.

5.1 Maximum Recommended Long-Term Ambient Temperature

Values recommended for specific items in Table 2
are the lower of:

(a) The temperature required to double the pre-
dicted failure rate over the value expected at 65°C
for the equipment if calculated or limiting component of
that or a similar equipment or,

(b) The temperature required to quadruple the corrosion
rate over that expected at 65°C.

5.2 Maximum Recommended Short-Term Ambient Temperature

Values recommended for specific items in Table 2
are the lower of:

(a) The maximum published service temperature of a
limiting component of that or a similar equipment or,

{b) The temperature required to cause a 16-fold
increase in corrosion rate over that expected at 65°C.

5.3 Corrosion Effects

A generality concerning rates of corrosion as a
function of temperature was found quoted in several
references (Corrosion Handbook, Wiley & MIL-STD-198Bp.
111) as the "rule of 10":

"Corrosion effects tend to double with each 10°C
rise in temperature."” It is evident that such a complex
subject cannot be neatly summarized in a single sentence.
It is judged, however, that application 6f the "rule" to
this particular investigation will result in somewhat
more conservative recommendations than would result from
: :igorous analysis of the many materials and contaminates

navolved.




Accordingly, unless otherwise limited to lower values,
the maximum recommended long-term ambient temperature
will be that required to increase the corrosion rate by
a factor of 4 over that expected at 65°C (105°C).

5.4 1Individual Components

The temperature characteristics of selected compo-
nents and materials are summarized in Table 1.

5.4.1 Resistors and Capacitors

Data taken directly from MIL-HDBK-217A. The fiqure
for § rating refers to resistor power rating or capacitor
voltage rating. Maximum service temperature is taken as
the maximum temperature for which data was given.

5.4.2 Semiconductors

Data for microwave diodes taken directly from MIL-~
HDBK-217A. For other semiconductors, data in MIL-BDBK-
217A was found to be plotted as a function of “normalized
junction temperature® given by:
ta + kpq - t.

%5 (max) ~*s

(1)

where: ta = ambient temperature

tg = temperature at which power rating is de-
fined, usually 250°C.

P = power rating of the device at t,

q = thermal resistance of the device

k = ratio of actual to rated power

tj(nax) = maximum junction temperature, assumed
to be 200°C for silicon and 85°C for
germanium

Inserting these values, equation (1) becomes:
t. + kpq - 25

t, = — for silicon (2)
175

and since normalized junction temperature, t, = 1 when k
is unity and ¢, = tg, the quantity pq = 175 and:
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tn = ta 4+ 175k - 25
for silicon (3)

175

From equation (3), a plot of t, against ambient
temperature, ta' was generated for several values of k.

From this information and the data in MIL-HDBK-217a,
curves of expected failure rate as a function of ambient
temperature could be generated for desired percentages of
rated power. Results are summarized in Table 1.

5S.4.3 Synchro

Values were computed per section 7.8.3.2 of MIL-
HDBK-217A and are summarized in Table 1.

5.4.4 Coaxial Cable (covered in paragraph 5.5)
5.4.5 Materials
Maximum service temperatures for several materials
were obtained from the "Materials Selector Issue" of
*Materials Engineering," Vol. 70, No. 5, Mid-October 1969,
A Reinhold Publication.
5.5 Coaxial Cable
From manufacturer's data used to generate information
used in NAVSHIPS 0967-177-3020 (Shipboard Antenna Systems,
Installation Methods) it is determined that:
t -‘t. + kpg
where: t = maximum temperature within the cable
t‘ = ambient air temperature
P = power rating of the cable (usually at 40°C)
q = thermal resistance of the cable
k = derating factor = actual power/rated power

From the same sources, it is determined that maximum
allowed temperatures within the cables are:
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tmax = 80°C for solid or foam polyethylene dielec-

trics
tnax = 232°C for solid teflon dielectrics
thax = 100°C for air spaced teflon (Heliax, etc.)
Rearranging equation (4) and setting t = tpay:
Pg = (tpax = ta)/k (5)

The gquantity, pg, may be evaluated for each cable type
by setting k equal to unity and inserting appropriate values
for tpax and t, into equation (5). For polyethylene dielec-
trics:

tnmax = 80°C
ta = 40°C, ambient temperature associated with
power rating and: pgq = 40

Then, solving equation (4) for t,,

t, = 80 - 40k, maximum allowed ambient temperature
for polyethylene dielectrics

(6)

t, = 232 - 192k, maximum allowed ambient tempera-
ture for solid teflon dielectrics

(7)

t, = 100 - 60k, maximum allowed ambient tempera-
ture for teflon air-spaced dielectrics

(8)

Equation (6) applies to the specific cable types to
be investigated: RG-214, 218, 333 and 1-5/8-inch foam
dielectric cable.
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Actual power Maximum allowed
40°C power rating ambient temperature

*C

1 40

0.5 60

0.2 72

0.1 76

0 80

These values and the values for other cable types are
summarized in Table 1.

5.6 Waveguides

No information was found concerning performance of
waveguide assemblies at elevated temperatures and applicable
military specifications require no temperature tests for
rigid assemblies. MIL-W-287C (Waveguide Assemblies,
Flexible, Twistable and Non-Twistable) requires a 7-day
aging test at 100°C. Most flexible waveguides appear to
be covered with neoprene rubber (maximum service tempera-
ture =85°C).

For rigid waveguide assemblies, it is difficult to
imagine any significant effects other than thermal expansion
and corrosion that would be applicable to this investiga-
tion.

Accordingly the maximum recommended long-term ambient
temperature would be that resulting in a 4-fold increase
in corrosion rate over that expected at 65°C. The maximum
recommended short-term ambient temperature would be that
showing a 16-fold increase. However, the limiting factor
would seem to be the neoprene O-rings used to gasket each
flange joint. Accordingly, values of 85 and 100°C are
recommended in Table 2.

For flexible waveguides the corresponding recommend-
ed values are 85°C and 100°C reflecting the maximum publish-
ed service temperature and heat aging test for the
neoprene cover.

5.7 RADAR, TACSATCOM, AS-571, 616, 899, 1174, 1175, URD-4
URN-3

After examining the items in Table 1 it would appear
that synchros are the limiting component, for rotating
devices in general. Long and short-term values of 80 and
85°C are therefore recommended. Particular care should be
taken to insure that lubricants are compatible with these

temperatures.




5.8 AN/SRA-17

A parts list for the Radio Frequency Tuner was
assembled from the Antenna Group Technical Mariual
(Navships 93205) and a reliability prediction made for
several ambient temperatures per MIL-HDBK-217A, Section S.
Maximum service temperatures for each component were
also noted. Maximum service temperature was limited to
120°C by R202 (operating at 20% of rated power) and to
125°C by a number of resistors, capacitors, and relays.

Fallure rates were computed for each electronic

component at 20, 40, 65, 80, 100, and 140°C. Values for
the unit were:

Ambient Failure rate
°C
per 106 hrs
20 2.5
40 3.0
65 3.8
80 4.9
100 11.2

Failure rates are summarized in Table 1. Recommended
maximum ambient temperatures given in Table 2 were deter-
mined by taking the minimums from the following tabulation:

Source of Data Long-term Short-term
°C *C

femperature to double unit 65°C 95
failure rate

Limiting tomponent service temp-

erature 120
Corrosion 85 105
Neoprene gaskets 85 100
Recommended maximums 85 100

5.9 AN/SRA-43

The TN-438/8RA-43 RF Tuner was analysed in the same
manner as used in 5.8. Maximum service temperature was
limited to 85°C by the synchro contained within the unit,




as well as several mica capacitors. It is interesting to
note that the plexiglass dessicant window alone would limit
maximum temperatures to 95°C. Pailure rates were computed
for each electronic component at 20, 65, 80, and 140°C.

Ambient Failure Rate
*C
per 106 hrs
20 1.5
65 2.9
80 7.8

Pailure rates are summarized in Table 1. Recommended
maximum ambient temperatures given in Table 2 were deter-
mined by taking minimums from the following tabulations:

Source of Data Long-Term Short-Term
°C °C
Temperature to double 65°C 78

failure rate

Limiting component service

température 85
Corrosion 85 105
Neoprene gaskets & O-rings 85 100
Recommended maximums 78 85

5.10 Wire Rope for Antennas

Vinyl covered wire rope per FED-SPEC-LP-390 has a poly-
ethylene jacket which has a maximum service temperature of
80°C. Wire rope for antennas in general has a polypro-
pylene core (MIL-24261) exhibiting a maximum service
temperature of 120°C. Recommended mazximum ambient tempera-
tures given in Table 2 were determined by taking mimimum
from the following tabulations:

C-9

e oot oo e SO R



Source Long-Term Short-Term
VINYL COVERED

Jacket : 80
Core 120
Corrosion 85 105
Recommended maximums 80 80
UNJACKETED
Core 120
Corrosion 85 105
Recommended Maximums 85 105

5.11 Antenna Insulators

The maximum allowed temperature for fiberglass insulators
is determined by the quality of the resin used to fabricate
them. However, performance will in general be limited by
associated neoprene gaskets and recommended maximum tempera-
tures listed in Table 2 are accordingly 85 and 100°C.

Ceramic bowl insulators will also be temperature limited
by gaskets and the same values given for fiberglass insula-
tors are recommended. It is judged that strain insulators
with metallic inserts will be limited by corrosion, and
recommended values of 85 and 105°C are given in Table 2.
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TABLE 1
COMPONENT TEMPERATURE CHARACTERISTICS

ITEM

RESISTOR

Composition, 50% rating
10% rating

Power, fixed film, 50% rating
10% rating

CAPACITOR

Mica, Char P, 50% rating
10% rating

Ceramic, Char C, 50% rating
10% rating

SEMICONDUCTORS

Diodes, Germanium
Diodes, Silicon power, 50%

rating
10% rating
Diodes & NPN transistor,
(silicon) 50% rating
10% rating

Diodes, microwave, 50% rating
(detector & mixer) 20% rating

SYNCHRO, 31TX6b
AN/SRA-17 ANTENNA TUNER
AN/SRA-43 ANTENNA TUNER
COAXIAL CABLE

Polyethylene, 100 8 rating
solid or foam S08 rating
208 rating
108 rating
0% rating

Teflon, solid diel., 1008 rating

508 rating

Teflon, air-spaced diel.

1008 rating
50% rating
208 rating

0% rating

to double to double maximum

20°C failure 65°C failure service
rate rate temperature

55 75 100

80 80 125

125 0 125

- - 200

80 125 150

80 125 150

45 85 150

90 95 150

- - 85

55 - . 115

55 95 180

65 - 115

40 115 180

- - 115

150 - 150

55 80 85

80 95 120

65 78 85

40

60

72

76

80

40

136

40

70

88

100
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TABLE 2

Maximum Recommended Ambient Temperature, (°C)

ITEM Long-term Short-term
(Less than
10 min/hr)

and 1-5/8" foam filled

100% power rating 40 40

50% power rating 60 60

20% power rating 72 72

10% power rating 76 76

0% power rating 80 80

Waveguides, rigid & flexible 85 100
899, 1174, 1175, URD-4, URN-3 80 : 85
AN/SRA-17 85 100
AN/SRA-43 78 85
Wire rope, vinyl covered 80 80
tinjacketed 85 105

Antenna Insulators, fiberglass 85 100
Ceramic bowl 85 100

Ceramic strain 85 105

Important Mote: None of the above items is required by specification to
- exceed the requirements of MIL-E-16400 (65°C operating,
75°C non-operating). Increased ambient temperatures will
severely reduce service life and will demand increased
maintenance.
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