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ABSTRACT

A literature and equipment survéy resulted in the selection of a
high gas velocity chemical spray scrubber as the method for cleaning
toxic products from rocket exhaust gases. The study included applica-
tion of this type of system to 1,000~, 5,000-, 50,000-, and 250, 000-
1b-thrust rockets. A pilot model system was designed (and specifica-
tions and drawings were prepared) for a 5,000-1b-thrust rocket engine.
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SECTION |
INTRODUCTION

The problem of rocket exhaust gas cleaning is of common interest
to the Air Force Rocket Propulsion Laboratory (AFRPL) and the Arnold
Engineering Development Center (AEDC) since rockets are tested at
ambient and altitude simulated conditions at both facilities. The empha-
sis is on ambient testing at AFRPL and on simulated altitude testing at
AEDC. The AFRPL desired to procure devices to clean the rocket ex-
haust gas from their ambient test stands, and AEDC had experience in
cleaning gases in the altitude test cells. The AEDC was requested to
do a study of the state-of-the-art of gas cleaning and to design a pilot
model gas cleaning system suitable for use with a 5, 000-1b-thrust
rocket unit. Since AFRPL operates several different test stands which
are rated for different thrust levels, the selected system design must
also be applicable to test stands having thrust capabilities of 50, 000
and 250,000 1b. From this design study, AEDC could expect to gain
information which could be applied to improve the efficiency of the ex-
haust gas cleaning systems in the simulated altitude test facilities and
the design of a total containment test cell.

As a result of this study, the system selected for cleaning rocket
exhaust gases can remove hydrogen fluoride, hydrogen chloride, and
nitrogen dioxide. The system is also capable of removing fine solid
particles such as aluminum oxide and beryllium oxides. Most equip-
ment and systems available commercially operate under steady-state
conditions and for long periods of time; therefore, special consideration
‘of the rocket testing characteristics of short operating times and large
flow rates was made.

The selected system is a wet venturi-type scrubber and consists of
a gas collection duct or diffuser, a spray section, a mixing section, an
entrained moisture eliminator or demister, and a waste water disposal
system or evaporation pond.

SECTION 11
PHASE I: LITERATURE SEARCH AND SYSTEM SELECTION

The performance requirements of the system to be designed were:
(1) it must clean rocket exhaust gases of the toxic gases hydrogen fluo-
ride, hydrogen chloride, and nitrogen oxide compounds, (2) it must also
be capable of removing fine solids such as aluminum oxide and beryllium
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oxide, (3) the system must be adaptable so it can be scaled and the
same principle used for rockets having thrust levels of 50, 000 and
250,000 1b, (4) the system should have low capital investment, low
operational costs, and low maintenance costs, and (5) the system
should be simple in operation, suitable to the special mode of rocket
testing of intermittent operation, and adaptable to a variety of pro-
pellant combinations and high gas flow rates.

A search for current cleaning practices in commercial and govern-
ment operations was made in periodicals, reports, reference textbooks,
and handbooks and by direct contact with operating personnel. Informa-
tion was desired on scrubbers of any sort which had beén used on
hydrogen fluoride, hydrogen chloride, and nitrogen oxide gases or on
aluminum oxide or beryllium solids. Also reports or articles on gases
such as fluorine, hydrogen fluoride, hydrogen chloride, chlorine, and
nitrogen oxides were searched for cleaning or removal methods.
Periodicals, such as Chemical Engineering, 'Plant Engineering,
Mechanical Engineering, Journal of Air Pollution Control Association,
Design News, Machine Design, Journal of Air Conditioning, Heating
and Ventilation, Environmental Science and Technology, and Science
and Technology, were included in the search for current methods of
cleaning gases. From these periodicals, nine survey-type articles
(Refs. 1 through 9) were found, which describe the types of cleaners
used and in which are compared efficiency, application, and costs. -

From these sources, it was found that the possible ways of cleaning
gases are mechanical collectors, electrostatic precipitators, wet
scrubber, dry scrubber, packed towers, cryogenic condensing, dilution,
chimney disposal, and filters. Each method of cleaning was studied to
determine if it could be applied to the problem. The advantages, dis-
advantages, and/or limitations were considered.

The mechanical collectors are reasonable in initial investment and
operational costs. However, their efficiency on particles 10 and
smaller is below 95 percent (Refs. 1, 2, 4, 7, and 9), and they do not
remove toxic gases.

Electrostatic precipitators are high in efficiency on small particles
(Refs. 1, 2, and 5) but do not remove gases; therefore, they are un-
acceptable as a single cleaning unit for this application.

The wet scrubber has high efficiency on small particles (Refs, 1, 2,
3, 5, 6, 8, and 9) and will work with both solids and gases. The gases
may be removed by .absorption into the water or by the use of suitable
solutions for reaction with a given pollutant gas or gases (Refs., 2
through 6).
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Dry scrubbing or absorption has been used in the removal of fluo-
rine (by alumina) and sulfur dioxide (by limestone) from gas streams
(Ref. 4). Not enough information or experience with other gases is
available to make this an acceptable system. Also the removal of the
resulting solid particles requires an additional device.

Vertical packed towers are useful as removers of gases but the
efficiency is low on solid particles (Refs. 2, 5, and 6). They also
require large areas to maintain low velocity through the bed. If they
are used as absorber units for gases, they require recharging or re-
generation in many cases such as the removal of fluorine with a char-
coal bed (Refs. 1, 3, and 4).

Cryogenic condensing could be used to condense the toxic gases,
but the toxic product still exists and must be removed. The large heat
transfer areas required make it quite expensive. Also, the effective-
ness of solid particle removal is not known.

The dilution and chimney disposal methods were discarded as being
unacceptable. They are the same basic method, dilution, with the
difference being disposal position. Dilution of the toxic gases to accept-
able tolerance limits in parts per maillion is not a satisfactory way of
disposal because the total amount of contaminants is still discharged
into the air.

Filters would give very high removal of solid particles (Refs. 1,
2, 4, 5, and 9); however, they will not remove gases.

This study revealed that the wet scrubber has a high collection
efficiency on both solids and gases. It has the required flexibility which
makes it useful with different gases by changing the spray solution to
match the gas to be cleaned. Therefore, the wet scrubber was selected
for detailed study for this particular application. Wet scrubbers are
available in many types. The major classifications are cross-flow,
counter-current, wet cyclone, venturi, and vertical air washer. Of
these classifications, the venturi provides the highest efficiency
(Refs. 1, 2, 3, 4, 6, 8, and 9). The high efficiency of the venturi
scrubber depends on high relative velocities, fine droplet size, and high
turbulence (Refs. 1, 4, 5, 6, 8, and 9). Since in this application a very
high gas velocity is available, the main disadvantage of a venturi
scrubber (high power costs to achieve a high gas velocity) is not present.
Fine droplet size can be achieved by injecting into the high velocity gas
(Refs. 1, 5, and 9). Scrubbers using the venturi principle have been
built to clean the gases from turbojet engine models (Refs. 10 and 11),
Both of these units gave very high collection efficiency.
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Selection of a wet venturi-type scrubber as the process to be used
to remove the toxic gases and solid particles from the rocket exhaust
gas required the selection of other components to fit it to the test area.
Functions of the inlet ducting were to collect the rocket exhaust gas,
maintain a high gas velocity, and recover sufficient pressure to main-
tain flow during tailoff rocket conditions. A properly sized diffuser
will do these functions, is simple to build, and is well understood and
scalable. During startup, a diffuser will aspirate gases into the scrub-
ber and during tailoff continue to operate as rocket chamber pressure
decreases, thereby preventing blowback on the rocket nozzle. For
short firing times, the diffuser can be uncooled, thus keeping the cost
down. .

One other component was necessary to complete the unit. The exit
gases from the scrubber section will contain droplets of liquid. A de-
vice to remove these was necessary. The characteristics desired were
high removal efficiency of particles smaller than 5¢, low pressure drop,
low structural weight, low operating cost, and low maintenance., Some
of the types of units which were considered are impingement plates,
settling chamber, cxglones, filters, packings, and electrostatic pre-
cipitators. The first three types are not efficient enough to accomplish
the job. The electrostatic units were considered unsafe as the scrubber
gases may contain combustibles. They are also expensive to install,
maintain, and operate. Most filter units are not suitable for wet collec-
tion as they clog up. This left some sort of packing as the method of
demisting.

The remaining major component of the system was some method of
disposing of the collected pollutants and chemicals. A water treatment
plant was available on site; however, some of the products do not lend
to simple chemical treatment. The system selected must treat a variety
of products and must be scalable to large rocket test areas at a reason-
able cost. A water treatment plant to chemically treat the products was
expensive; therefore, some simple solution was needed. To dump the
liquids on the desert at AFRPL was not permitted because the dissolved
salts might reach the water table and pollute it. The very high natural
evaporation rate was utilized by using an evaporation pond which was
lined with an impervious material. The water will evaporate leaving
the products of cleaning behind. As the chemicals accumulate, they
may be removed and reclaimed, or if reclaiming is impractical, the
pond can be filled and covered with earth.

The system (Fig. 1, Appendix I) selected for further study and de-
sign consisted of four basic components: a gas collector duct or diffuser,
a spray scrubber section, a mist eliminator, and an evaporation pond.
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The diffuser and scrubber sections were kept small in size to maintain
the high velocity of the rocket exhaust gases. Partial recovery of the
rocket exhaust gas velocity will provide the pressure differential neces-
sary to achieve flow through the mist eliminator section. The small
ducting is more economical to build. In the higher thrust rated scrub-
bers, the size of the ducting would have major effects on the construc-
tion costs.

SECTION 11l
PHASE I1: DESIGN OF CLEANING SYSTEM FOR
5,000-LB-THRUST ROCKETS

The system selected for the pilot model, 5,000-1b-thrust, rocket
exhaust gas cleaner consisted of four main sections: a diffuser, a wet
scrubber, a demister, and an evaporation pond {(Fig. 1). A simple
cylindrical diffuser with a converging conical inlet was selected because
it would collect the lead flow propellants as a result of aspirating action
of the sprays. The diffuser would also maintain the high gas velocities,
would provide sufficient pressure ratio to maintain flow against a higher
than ambient pressure in the spray section during rocket operation, and
would continue to pump as rocket chamber pressure decreased during
rocket tailoff, thereby preventing excessive blowback at rocket shutoff.
It could be positioned so as not to interfere with thrust measurements
on the test engine. The diffuser can be individually sized for each pro-
pellant combination and rocket flow rate, and for short test periods,

30 sec and less, it can be operated without special cooling. Because

of the simple design, cost would be minimal. Much study has been done
with these types of units (Ref. 12); therefore, the design for the differ-
ent sized units can be done with confidence.

The wet scrubber was selected for the following reasons: (1) the
high rocket gas velocity can be used to achieve high efficiency in clean-
ing solids and gases, (2) changing spray solutions allows a particular
contaminating gas to be removed, (3) the spraying solutions cool the
gases, and (4) the spray systems and ducting are simple and economical
to construct.

The scrubbing liquid injection system should provide a cloud of small
drops uniformly distributed in the gas. Since the removal process is one
of mass transfer at a drop surface, the efficiency of the process .increases
as the total liquid surface is increased (Ref. 13). Thus for a given total
quantity of liquid, the efficiency increases as the particle size is re-
duced, Nonuniformities in liquid loading cause some volumes of gas
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to have a higher cleaning efficiency and others a lower efficiency than
that produced by the average loading. However, reducing the liquid
loading causes a greater reduction in efficiency than increasing the
loading by the same amount increases the efficiency. Therefore, any
nonuniformity in loading will result in less cleaning than would be
given by the uniform average loading.

The scrubber duct should provide a sufficient contact time for the
mass transfer to the liquid drops to approach equilibrium. The flow
process should induce turbulence into the gas/liquid mixture primarily
to ensure good mixing between the drops and the gas.

A demister is required to remove the entrained droplets. The
cross-flow packed-type unit has high efficiencies, low pressure drop,
and simple construction. It also requires low velocities which would
permit the addition of other types of filter medium or additional thick-
ness if a reduction in total emission is required.

The treatment of the waste liquids by an evaporation pond was
selected because this method is most economical. It was also accept-
able because it did not return the polluted liquid to the soil and made
‘'possible the recovery of some of the chemicals without expensive treat-
ment. The 5, 000-1b-thrust unit could use the toxic waste water treat-
ment plant at AFRPL; however, the cost of piping to reach the treat-
ment plant would exceed the cost of the evaporation pond, and then
verification of the operation of the evaporation pond would not have
been accomplished for study of expansion to large engine test sites.

3.1 DIFFUSER DESIGN

The factors which were considered in the design of the diffuser are
rocket exhaust gas flow rates, gas properties, rocket nozzle throat
diameter, rocket nozzle exit diameter, rocket nozzle length, rocket
nozzle exit flow angle, run duration, pumping ratio desired, lead-flow
pumping, minimum blowback from scrubber at rocket tailoff, and
secondary flow pumped by diffuser.

The diffuser must be able to (1) capture the rocket exhaust gases
during ignition, operation, and tailoff, (2) provide a pressure increase
to ensure flow through the scrubber, (3) maintain a high exhaust gas
velocity to provide for scrubbing, and (4) accomplish these things with-
out interfering with rocket thrust measurements. During the ignition
phase of liquid-propellant rockets, the mass flow and nozzle exit gas
velocity are low which requires special procedures to ensure the
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capture of these lead-flow gases. This was done by using a conical in-
let on the diffuser to permit placing the diffuser inlet to within 1 in. of
the nozzle exit and by directing the first bank of spray nozzles down-
stream. The conical inlet provides clearance at the nozzle exit so that
the pressure gradient does not affect thrust measurements yet is close
so that the low velocity gases are captured. The first bank of spray
nozzles serves as an aspirating pump for these low velocity gases and
pulls them into the scrubber region. Ambient air is also induced at this
time and during the rocket operating period. This secondary flow in-
fluences the performance of the diffuser and imposes an additional gas
load on the system. Provisions were made to spray water into the
boundary layer at the inlet along the wall during the run. This water
helps cool the diffuser and substitutes for the secondary air. Since

the water assists in the cleaning process, it does not become an addi-
tional 1load. The maximum amount of secondary flow and the secondary
Mach number at which it occurs are shown in Appendix III.

If the diffuser remains ''started" during tailoff or during a reduc-
tion in rocket chamber pressure, the rocket exhaust gases continue to
flow into the scrubber. When the diffuser breaks down, the higher than
atmospheric pressure in the scrubber causes backflow out of the diffuser.
By properly sizing the diffuser, this effect can be minimized. By the
time the rocket chamber pressure has reached the breakdown value, the
mass flow of the rocket is very much reduced. This reduces the pres-
sure inside the scrubber and enables the aspirating action of the spray
nozzles to maintain flow and thus reduce blowback.

It has been found that the diffuser length to diameter ratio (L /D)
has an influence on the pressure ratio required for ''started' flow
(Ref. 12). An L/D of 8 has proved to be the most satisfactory and
was used in this design. The nozzle throat diameter, the operating
chamber pressure, the nozzle exit flow angle, and the pumping pres-
sure ratio desired (desired to be low in this case and assumed to be 1, 1)
are among the main factors which influence the diameter of the diffuser.
The diffuser selected for the 5, 000-lb-thrust unit was 8 in. in diameter,
based on nozzle exit diameter for correct expansion to ambient pressure.
The largest diameter required was that for the Hy-F9 propellants and,
therefore, was the basis of the selection. The pressure required to
break down the flow was determined and was found to be satisfactory for
all propellants. The diffuser exit Mach number and velocity for all pro-
pellants were also determined. Appendix III contains this information for
the 5,000-, 50,000-, and 250, 000-1b-thrust units. Also included is
information on the secondary mass flow (rh”) which is induced as the
Mach number (M3'’) in the secondary area is increased. If the Mach
number of the secondary flow (M") between the exit plane of the nozzle
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and the diffuser should reach high subsonic values, the local pressure
on the nozzle exterior surface then could be less than ambient and,
therefore, cause a change in thrust. As shown in Appendix III, the
maximum secondary flow is achieved at an inlet Mach number less than
one; therefore, the discharge pressure at the nozzle exit should be
nearly ambient for all propellants.

3.2 LIQUID INJECTION SYSTEM

The diffuser will discharge a gas which is, on the average, super-
sonic and very hot. The gas enthalpy will be typically 3000 to 4000
Btu/1b depending on the propellant combination. High velocity is desir-
able since the particle size of the atomized drops decreases as the gas
velocity increases (Ref. 14). However, the high enthalpy introduces
an added complication in that 25 to 30 percent of the added liquid will
vaporize,

The problem of an adequate drop size to maximize liquid surface
and to prevent evaporation to a dry crystal during the cooling and
cleaning process was investigated by mathematically modeling the heat,
mass, and momentum transfer processes which occur when drops are
sprayed into a hot gas.

The assumptions of this model are:

1. The drops are uniformly dispersed in the gas and do not
interact with each other.

2. The properties of the gas and spray are one dimensional;
that is, there are no variations of properties in the
radial direction,

3. Gas film coefficients provide the only resistance to trans-
port.

4, The drops are uniform in temperature and composition.

The vapor pressure of the pollutant dissolved in the liquid
is assumed to be zero. This is valid when the pollutant
reacts chemically with the liquid to form a nonvolatile
compound.

6. All gases obey the perfect gas law. The equations which
are solved are:
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Transport of pollutant species between phases,
= 2 W)/U
dmp/dx (7D Ky, X, M p)/ ’

Transport of absorbent vapor between phases,

dm_/dx = wD?2 K, [(xv - X,/ - xvs)] va/UB

Transport of momentum between phases,
du,/dx = (Ug -U) (dmp/dx + dmv/dx)/(mp + m,)
2 - -
+ mD%/8 p, CDI(Ug UE)I(Ug U/[u, (my + )]

Conservation of absorbent mass,
dF ,/dx = [Fz (dm_/dx + dmp/dx)]/(mv + mp)
Transport of energy,
dTg/dx = tD2 h (Tg - Tg)/Ug + (Hv - Hg) dmv/dx
+ (Hy - H ) dn/ax/[Cy,(m, + m))]

Conservation of momentum,
dVg/dx = (CV - 1)(FZ dUg/dx + Ug ng/dx)

- dP/dx/ngg + Vg (1 -c¢cv) d.Fg/dx

Conservation of energy

— 2 -
ar/dx = 1/C,, {(Hg +0,2/2)(1 - CV) dF /dx
- Ug dUg/d.x - (1 - CV)[(Hg + Vﬂz/z)sz/d.x

+ F, (C + U

£ "pl 4

du ,/dx) ]
+ (Hp - Hv) (1 - CV)[(mp/(mV + mp))ng/dx

+ Fg(mv dmp/dx - m, dmv/dx)/(mp + mv)

CP sz/d.x]}
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The transport coefficients were calculated by first calculating the
viscosity as a function of temperature and composition then assuming a
Prandtl number of 0.7 to obtain the thermal conductivity and a Schmidt
number of 0.7 to obtain the diffusivity.

The transport coefficients are:

Cp = 24/Re (1 + 0.15 Re®"%87) (ret. 15)
. 0.5 .. 0.33 u

Kp = Kv = (2 + 0.6 Re Sc )(D % S x—Mw-) (Re_f. 16)
= (2 + 0.6 Reo'5 Pr0'33

Mngpr

All temperature dependent properties used in evaluating transport
coefficients were evaluated at (Tg +T 1)/ 2. A theoretical correction was

n:ade for the effect of surface mass transfer on the transport coefficients
(Ref. 17),

These equations were solved with prescribed initial conditions on a
digital computer to give the concentration of pollutant as a function of
distance from the injection station.

The only practical way to mix a liquid with a supersonic stream is -
to inject the liquid in a solid stream into the gas jet and allow the high
velocity gas to shear the liquid into fine drops. The nozzles should not
be placed directly into the supersonic high temperature stream because
of the excessive heat and drag loads. The amount of penetration and of
area which may be covered by a single nozzle is limited; therefore, it
was decided to divide the flow from the diffuser into a number of
nearly equal areas and to attempt to cover each of these from a single
nozzle. Figure 2 shows the area of the duct covered by each spray
nozzle. The sprays are divided into three banks. The jets from the up-
stream bank cover the outer annulus of the nozzles on a 10-in.-diam
circle. The second bank of nozzles is on a 5-1/2-in.-diam circle so
that the jets can cover the second annulus. The third bank covers the
center of the gas stream from a 2-3/4-in.-diam circle. The first bank
of nozzles is pointed downstream at 45 deg and skewed off a radial line
by 20 deg. This will maintain a slight airflow into the scrubber by the
pumping action of the liquid jets before rocket ignition and after tailoff.
It is expected that, by skewing the jets to prevent impact on the duct
centerline, splashing into the diffuser will not occur during rocket off-
operation. The second bank of nozzles is inclined 30 deg downstream,
again to provide a pumping action,

10
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Figure 3 shows the cleaning efficiency as a function of distance for
an Ho-F9 rocket engine. The cleaning efficiency is defined as the mass
of pollutant removed divided by the mass of pollutant in the rocket gases.
The initial conditions for the calculations were:

Rocket mass flow 14 1b/sec
Diffuser exit static temperature 4500°F
Inlet duct diameter 8 in,
Percent HF by mass 98
Water-to-exhaust gas ratio 10:1
Pressure (constant) 1 atm

Although 50 particles do a much better job of cleaning (>99. 9 per-
cent removal at 10 ft compared with 99, 3 percent for 100u particles),
both sizes give a high theoretical removal efficiency. The results also
show that improving the atomization of the scrubbing liquid is much
more effective than adding length to the scrubber. The results are for
a highly idealized system and should not be accepted qualitatively.

The major conclusion from this analysis is that it is sufficient to
design a scrubbing liquid injector system which will produce a uniform
distribution of drops of about 504 diameter.

Much work has been done on the injection of liquids into high velocity
gas streams (Refs. 14 and 18 through 22). No results were found which
combine the conditions found in an exhaust gas scrubber, that is, high
dynamic pressures, high gas temperatures, and high liquid loading.

The correlation from Ref. 21 for a water jet penetration into a
supersonic stream has been used:

a \/p \0-51
_JY)_d
o.(g)(3)

N =
where
N = maximum penetration of the drops
dj = diameter of liquid jet

Pj = jet total pressure

P_ = free-stream static pressure

M, = free-stream Mach number

11
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For the current design, the maximum penetration is about 3 in. Based
on the design (Fig. 2), this is a greater penetration than is necessary.
However, there are several reasons why overpenetration is much less
serious than insufficient penetration: (1) the gas on the outside of the
gas jet will be recirculated and have a greater chance to contact liquid
than that in the center, (2) impaction of liquid on the downstream spray
bars will further aid the mixing of the gas and liquid in the outer edges,
and (3) an inadequately penetrated core might maintain itself through
the mixing duct with a high velocity and high temperature which could
destroy the demisting equipment.

It is difficult to find data from which the drop size may be estimated
since the diameter of the injected liquid jet is an important parameter
and the jets in the gas cleaner are much larger than any reported in the
literature. An estimate may be obtained from a correlation of data in
Ref. 22. An extrapolation of these results gives an estimate of drop
size of about 204, Even drops several times this large should give
satisfactory results as shown by this analysis.

3.3 SCRUBBING LIQUID
A liquid used to scrub a gas should have the following properties:

High solubility for the pollutant,
Low vapor pressure of the pollutant in solution,
Low cost,

Low toxicity, and

g B W N =
. H . . H

High heat of vaporization and low heat of solution of
pollutant.

Any material chosen will, of necessity, be a compromise; however,
water or a water-based solution seems an obvious choice. One property
in which plain water is deficient is that the vapor pressure of hydrogen
fluoride (HF) is rather high at the design equilibrium concentration and
temperature. This can be overcome by adding a material to the water

.. which will react with the HF. The only other disadvantage of water is

the rather high heat of solution of HF which adds to the heat load of the
system.

The possible materials which could be added to water are (in order
of increasing cost):

12
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1., Calcium hydroxide (CaOH)—This material was eliminated
because of the limited solubility of both CaOH and calcium ,
fluoride (CaFs) in water. It would be necessary to handle
slurries containing 20 to 30 percent solids both on injec-
tion and on removal. This presents severe material
handling problems. An additional difficulty is that, when
HF dissolves in a drop of CaOH slurry, CaFy is formed
on the surface of the particle, and this can block further
reactions with the CaOH in the center of the particle.

The low cost of CaOH and the insolubility and relatively
low toxicity of CaFy make CaOH an attractive possibility
for later investigation.

2. Sodium hydroxide (NaOH)—Sodium fluoride (NaF) has a
limited solubility in water and the hazards of plugging the
demisting section with crystals of this material make
NaOH a rather poor choice.

3. Potassium hydroxide (KOH)—This material was selected as
the best choice at this time. The KOH and potassium
fluoride (KF) are both very soluble in water, and no crystal-
lization should occur. It is felt that this factor outweighs
the higher cost of KOH.

For gases containing nitrogen dioxide (NOg) as a pollutant, the
strong caustics NaOH and KOH should be the best absorbents. However,
nitric oxide (NO) has a low solubility in aqueous solutions, and none of
these materials would be particularly good.

The operating conditions for scrubbing the gases from a 5,000-1b-
thrust Hg~I"9 rocket with a KOH solution in a 3-ft-diam duct are given
in Table I (Appendix II),

34 SCRUBBER DUCT

The calculations which defined the ideal performance of a scrubber
indicate that having length to provide contact time between the drops and
the gas is relatively unimportant since a few feet of contact distance is ~
all that is required. The most important reason for length is to pro- -t
vide sufficient time to intimately mix the drops and the gas and to allow
the nonuniformities in the flow to level out. Experience with diffusers
at AEDC indicate that the latter requires about 10 diameters.

A momentum balance may be written around a cylindrical scrubber
duct with a sudden expansion inlet with the following assumptions:

13
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1. The exit flow is one dimensional and at equilibrium,

2. The sprays contribute no momentum in the axial
direction,

There is no spray bar drag or duct wall friction, and

4., Inbleed flow is neglected.

The momentum balance equation is

. ma Us
F-l'-Pl(A—Ad)_PgA-l- 2 (1)

and n'12 is defined as

p2U2A=ﬁlr+l;lg=!’;12

(2)

Dividing Eq, (1) by rh, gives

ISP + P1(A - AQ/my = Pz A/my + (1 + my/m)Uz/g  (3)

where

Pz = !;12/V2 = (lilz/r;lr)/(v2/!;lr)

and from Eq. (2)

Uz = (m_/A) (Vo/m ) (4)

Substituting Eq. (4) into Eq. (3) and solving for the pressure rise
give '
(P2 - P1) = (m /A)[ISP - (1 + m,/m.) (m./gA) (V2/m )]

- Pa1 Ad/A (5)

-~ Since there will be very little pressure drop through the demisting
————section, the volume of gas/unit mass of rocket exhaust (Vg/ m ) may

be evaluated at one atmosphere and will depend on the enthalpy and com-
position of the rocket gas and the liquid flow to rocket flow ratio (rmgy/my).
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An enthalpy balance on the duct gives

m,, Hrl + m (Cpb Tb + HRb) +m HR~p +m, T‘e1

pb T2 h%
(6)

=m, Hr2 + m, T, + mst(Tg + Ls) + m, C

The total steam flow comes from evaporated water, water in the rocket
gas, and water formed by burning the oxygen in the inbleed air with
hydrogen from the rocket. The total steam flow is

+m, -m_ -m

ﬁstg =m .+ 0.33 x 9/8 m

st b T P nc (7)
The partial pressure of the steam is
Pstg = P * (mst2/18)/(mst2/18 + mnc/MWnc
+ 0.77 m, /28) (8)

' If the effect of the dissolved solids on the vapor pressure is neglected,
the temperature (T2) will be the temperature at which the vapor pres-
sure of water is Pg,. Rewriting Eq. (6) gives

mg, = {mr (Hr - !Irz) + my [}IRb + Cpb (Tb - T2)]

+m, (TB:L - T2) + my, HRp} Lo ()

Equations (8) and (9) and the vapor pressure relationship were solved
by iteration to give the conditions at the exit of the scrubber. The in-
bleed was assumed to be 10 percent of the rocket flow, and the pres-
sure was assumed to be 13.8 psi. These results are shown graphically
in Figs. 4 through 17, For exact values, the tabulated data in Appen-
dix V should be used.

These calculations give an idealized performance. The gas proper-
ties at the scrubber exit were calculated, neglecting the effect of dis<
solved salts on the vapor pressure of the water; otherwise equ:l1br1um
conditions were used. The pressure rises in the duct neglect all drag
forces except in Fig., 5 where an estimate of spray bar drag was in-
cluded in the momentum equations. Based on these results, a duct
diameter of 3 ft was selected as giving a nearly optimum pressure rise
with all the propellant combinations in the 5,000-1b-thrust engine.
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By examining those figures which show pressure rise versus
scrubber duct diameter (for example, Figs. 11d and e), an estimate of
the range of thrust levels which may be tested in a given size scrubber
duct can be made. As an illustration, consider the 3-ft-diam duct with
an Ho-F9 engine and assume a cooling water-to-propellant flow rate
of 15; the scrubber duct will act as a diffuser pump from a thrust level
of 1,000 to 6,000 1b with the capability to pump better if the mass flow
increases., With engines having thrust levels greater than 6, 000 1b,
the pumping action will decrease if the mass flow or thrust level in-
creases. This pumping capability decreases rapidly, and the possibility
of a pressure greater than atmospheric in the scrubber duct increases.
This decrease occurs because the pressure drop is a function of the
square of the rocket mass flow as shown by the pressure rise equation

[Eq. (5)].

If the duct size selected gives more pressure rise than is needed to
flow the gas through the demister, two things will happen. The pressure
in the recirculation zone will drop, or the flow at the exit of the duct
will have a high velocity core. One or both of these effects must occur
to satisfy the momentum balance. A somewhat reduced pressure at the
inlet to the duct is desirable since it will reduce the chance of blowback
during tailoff. A high velocity core is not detrimental if the core is
adequately penetrated by the sprays and the velocity is not high enough
to cause excessive erosion of the demisting section by droplet impact.
A high velocity core is, however, an indication of a lack of mixing and
an excess of momentum over that required. In this case, additional

turbulence generators could be installed in the duct to improve the mix-
ing.

3.5 DEMISTER SYSTEM

The selection of a packed-type unit for demisting the clean gas was
based primarily on efficiency of collection, economy of operation, and
flexibility.

Packed-type units are available in many configurations and packing
materials. The configurations considered are shown in Fig, 18, All
three configurations will work with the main differences being demister
inlet face velocity. For the pilot model; simplicity, economy, and con-
venience were deciding factors in the selection of a straight-through,
horizontal, end discharge unit (Fig. 18c). The straight-through flow
path will be satisfactory for the 1,000-, 5,000~-, and possibly the
50,000-1b~-thrust units. However, because of location and size, the
250, 000-1b-thrust units may require another arrangement. The vertical,
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side, three side, and asymmetrical discharge units would require some
devices to turn the gas flow. These same gas turning devices could be
used as large droplet separators. However, this complicated the design
and, therefore, increased the cost. Since the 5, 000-1b-thrust unit will
be a pilot model, a convergent exit section was needed to provide for
mounting sampling instrumentation during testing.

The casing material of the demister will contribute largely to the
cost since this may be the largest part of the scrubbing system. There-
fore, a lightweight corrosion resistant material is most desirable.
Fiber glass reinforced plastics (FRP) provide light weight and corrosion
resistance and were selected as the casing material since the gas tem-
perature at the demister section is below 250°F. Substantial savings in
structural material for the larger units can be made by using FRP,
Installed costs of FRP are approximately the same as mild steel and
less-than stainless, clad, or lined materials {(Ref. 6).

Packing material requirements are corrosion resistance, void
fraction, large number of interstitial points, low-pressure drop, light-
weight, and ease of handling. Those types of packings studied were
Berl Saddles, Pall rings, Raschig rings, spiral rings, cross partition
rings, screen mesh, Tellerettes®, crushed rock, and sand. Materials
considered were stainless steel, ceramics, and plastics. Based on
least weight, satisfactory corrosion and temperature endurance, pres-
sure drop, efficiency of collection, and ease of handling, the Tellerettes
plastic packing was selected. This patented design is distributed by
The Ceilcote Company of Berea, Ohio. The 5,000-1b-thrust demister
consisted of a 2-ft-thick bed of Tellerettes with the gas flow horizontal.
Inlet flow area of 240 ft2 provides a face velocity of approximately
7 ft/sec. Satisfactory operation can be achieved with face velocities
from 4 to 10 ft/sec. Uniform flow distribution and entrapment of the
larger liquid droplets are achieved by baffling in the inlet transition
section.

Efficiencies of 99-percent removal of all particles over 5u are
expected, which is within the performance desired at this time. If
greater efficiencies become a requirement at some future time, the
face velocity through the packing is acceptable for use with fabric
filters which could be added without extensive ducting changes.

3.6 WASTE SCRUBBING L{QUID DISPOSAL

The problem of disposal or recovery of the waste scrubbing liquid
has been investigated. There are a number of problems and alternatives
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which must be considered. Four reasons for considering some pro-
cessing necessary are:

1. To recover the water for reuse,

2. To reduce the volume of waste material which must be
handled,

3. To change the form of the pollutant to something less
toxic or easier to dispose of, and

4. To recover a valuable chemical,

The system was designed for minimum water usage to reduce liquid
pumping and storage costs. In this system, item 1 is probably not im-
portant because the waste solutions are already quite concentrated and
it would be difficult to recover water by such processes as reverse
osmosis or ion exchange. It is felt that, if item 2 is the major con-
sideration, solar evaporation in ponds is the simplest and cheapest
method to use for a system to be installed at AFRPL where the solar
evaporation rate is about 90 in./yr.

The pollutants considered in this study are HF, HCl, NO,, and
BeO. Of these, BeO is a solid which may be filtered or precipitated,
and only the fluorides can be precipitated with a cheap chemical, i.e.,
lime. If item 3 is a consideration, adding lime to the evaporation pond
will precipitate CaFg which is quite insoluble leaving KOH in solution.
The KOH will gradually change to K9CO3 from absorption of CO2 from
the air. When the pond is dry, there will be no very toxic materials
present (except BeO).

There are only two materials which are probably worth recovering
in a pure form. One is BeO which is very toxic and also valuable. It
is recommended that, if motors containing beryllium are fired, the
liquid from the scrubber be ducted to a sealed tank and then filtered to
remove the BeO, Under some circumstances, KOH might be worth re-
covering. This can be done by adding lime which will precipitate CaF
and regenerate the KOH which can then be reused. It has been esti-
mated that a 5, 000-1b-thrust engine fired 3000 sec a year would require
about $5, 000 worth of KOH a year for scrubbing. It does not seem that
on this scale any recovery could be justified economically., For large
engines or more extensive testing, the recovery might be economically
feasible. If different propellants are used which contain Cl or NO,,
chlorides and nitrates will build up in solution and eventually may
crystallize in the scrubber. In this case, a partial recovery might be
feasible where enough fresh solution is added each time to ensure that
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all salts will stay in solution. Still another partial recovery method
might be feasible., During the startup and shutdown phase of each firing,
there is very little pollutant in the gas, and therefore, the scrubbing
solutions are only partly contaminated. If the discharge from the
scrubber were diverted to a separate pond during those times, the
solution could then be reused probably without treatment. This would
be especially useful for short firings where startup and shutdown are a
sizable percentage of the total time.

Since the pilot model system has been designed primarily to clean
the exhaust products of an Hy-F'9 engine and since these products are
probably the most toxic, a suggested shakedown test program has been
included as Appendix IV,

SECTION IV
COST ESTIMATES

The cost estimates presented herein are for three units: a 9, 000~
1b-thrust rocket exhaust gas cleaner (pilot model}, a 50, 000-1b-thrust
unit, and a 250, 000-1b-thrust unit. The estimates for these scrubbers
are divided into purchased and installed costs and are further divided by
the method used to derive the costs. These cost data (based on 1969~
1970 prices) can be updated using a cost index such as the Marshall and
Stevens Index (Ref. 23), which is published periodically in Chemical
Engineering.

The estimate for the 5,000-1b-thrust cleaner unit was derived from
costs presented by the unit designers (AEDC estimate) using accepted
techniques based on experience and catalog price data. This approach is
accurate, but time consuming, and was necessary because the 5,000-1b-
thrust unit is to be constructed immediately. However, this method of
cost estimating results in large resource expenditures which may not
~always be necessary, especially if the exercise is merely a feasibility
study. Therefore, an accurate short-cut method was needed to estimate
the cost of the 50,000- and 250, 000-1b-thrust units because AFRPL
plans eventually to acquire units of this size. However, they did not
wish to release a costly design contract before the 5,000-1b-thrust unit
was operated as an instrumented ""Pilot Model" to supply data for scaling
parameters. The theoretical design of the 5,000-1b-thrust unit requires
confirmation to reduce the risks involved in designing the larger, more
costly units.
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The 5, 000-1b-thrust unit design cost estimate was confirmed by
using multiple estimating techniques published in Refs. 23 through 26.
The results agreed so well that it was possible to consider using the
published techniques to provide cost estimates for the larger units as
well.

One of the published methods (Ref. 23) is the popular "six-tenths"
rule or "exponent method' which relates capital costs and size or
capacity by the following:

Cy/Cy = (Sa/s1)”

where
n = 0.6 for completed plant
C1 = cost of pilot model
Cg = cost of scaled-up unit
S1 = size of pilot model
Sg = gize of scaled-up unit

The size must be represented by the significant dimension
such as flow capacity (cfm), thrust capacity, or, even in some cases,
simple size dimensions. However, capacity is usually more desirable
than dimensions of hardware.

The second published method of estimating costs (Ref. 25) was a
logical, simplified illustration of basic costs which any design group
would have to consider. This was a direct comparison with the costs
developed by the AEDC design team for the AFRPL exhaust gas clean-
ing system (5, 000-1b-thrust unit). Since the purpose of the 5, 000-1b-
thrust rocket exhaust gas cleaner design effort was to get the best
system that up-to-date theoretical analysis could provide, the costs
may not have been optimum. However, when compared with costs of
other scrubbing systems, these data indicate that this is also the least
expensive system that could be acquired and be consistent with required
performance.
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4.1 ESTIMATES FOR 5,000-LB-THRUST UNIT

1-

The AEDC design team estimate is as follows:

a. Off-site (prefabricated) purchase items
(spray scrubber, mist eliminator, pond
liner, and shipping)

b. On-site construction purchase items
(includes fence, pond, instrumentation
tray, pump, hydraulic control, and
drain system)

Two 12,000-gal tanks (supplied by AFRPL)
Piping, valves (supplied by AFRPL)

Total purchase cost

Site preparation-installation
Contractor administration-profit
Installed cost

Grand total (1. 6 times installed cost)
(Ref. 26)

& 2

SR e?

The exponent method estimate is as follows:

Diffuser

Scrubber

Pumps

Mist eliminator

Two 12,000-gal tanks

Evaporation pond

Total purchase cost (based on Ref. 23)

Installed cost (1.43 times purchase cost)
Grand total (1. 6 times installed cost,
(Ref. 26)

vE Rre o op

Cost estimates based on Ref. 25 are a result of a
careful study by the authors of Ref. 25 of the
literature of suppliers, installers, and operators
of air pollution control equipment. ''The cost
information was reviewed by experts from the
gas cleaning equipment industry - + " (Ref. 25,
page 447). These cost data reflect an industry
review of 1968 prices.
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$ 70,090

23,014
11, 500
$ 4,000

$108, 604
20, 466
28, 390

$157, 460

$251, 936

$ 2,000
26, 400
4,000
43, 500
12, 800
15, 000
$103, 700

$145, 180

$232, 228
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Purchase
a. Scrubber at 120,000 cfm
(Fig. 3){Ref. 25) $35,000
b. Wet collector, demister
(Fig. 3)(Ref. 25) ' 35,000
c. Purchase cost $70,000
d. Grand total installed cost

(1968 prices)

e. Grand total (adjusted to
1970 CE Cost Plant Index)
(Ref. 27)

4.2 ESTIMATES FOR 50,000-LB-THRUST UNIT

1. C3/Cjy = (Sg/S1)" from Refs. 23 and 24, use n = 0.6
where
Cg = cost of 50, 000-1b-thrust unit _
C1 = cost of 5,000-1b-thrust unit (use $240,000)

Sy = 50,000 1b
S; = 5,000 1b

Substituting values in the above equation gives

C, = 240, 000 (50, 000/5, 000)°" 8
= $955, 200
2. 150,000 (3) + (150,000)(3) = $900, 000 (from Ref. 25,

pages 448-449, use Fig. 3)
4.3 ESTIMATES FOR 250,000-LB-THRUST UNIT

1. Cz = 240, 000 (250, 000/5, 000)0' 6
= $2, 508,000 (using Refs. 23 and 24) .
2. 700,000 (3) + 700,000 (2) = $3, 500,000 (using Ref. 2

22

Inéi:alled

$105,000

105, 000

$210, 000

$235, 200
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4.4 COMPARISON OF COSTS

Grand Total Installed Costs

AEDC Design Exponent Method Industry Review

Unit Size Estimate (Refs. 23 and 24) (Ref. 25)
3, 000_—1b thrust $251, 936 S 232,228 *$ 235,200
50, 000-1b thrust -—— 955, 200 900, 000
250, 000-1b thrust -—— 2,508,000 ) 3, 500, 000

The final installed costs for the 5, 000-1b-thrust unit agree very
well, considering the diversity of the various estimating methods;
therefore, this estimate is considered acceptable for use in scaling the
costs of the larger units. As a result, the $240, 000 scaling cost (Cj)
was derived from the final installed costs (grand total installed costs)
of the 5,000-1b-thrust unit. The resulting cost estimates are 125 per-
cent. It should be noted here that all figures presented should be ad-
justed by a cost-price index before use as current estimates.

SECTION V
SUMMARY

A survey of the state-of-the-art of cleaning toxic gases from rocket
exhaust gases resulted in the selection of a system which would remove
the toxic products and provide a method for disposal of these products.
The removal system consists of spraying a KOH solution into the high
velocity gas which chemically cleans the gas. The resultant compounds
are flushed to an imperviously lined evaporation pond where the water
evaporates and the salts are collected. The system selected should be
applicable to engines of different thrust levels provided components are

. properly sized.

After selecting a system to clean the gases, design drawings and
specifications were prepared for a pilot model sized to handle a 5, 000-
1b-thrust rocket.
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