
Prepared for the U.S. Department of Energy 
Under Contract DE-AC05-76RL01830 

PERFORMANCE DATE REPORT

October 9, 2015 

신수진
다각형   



PERFORMANCE DATA REPORT 

FOR 

PERFORMANCE EVALUATION OF A FILTRATION SYSTEM 

OCTOBER 9, 2015 

REVISED :  DECEMBER 14, 2016 

Battelle does not engage in research for advertising, sales promotion, or endorsement of our 
clients' interests including raising investment capital or recommending investments decisions, or 
other publicity purposes, or for any use in litigation. Battelle endeavours at all times to produce 
work of the highest quality, consistent with our contract commitments. However, because of the 
research and/or experimental nature of this work the client undertakes the sole responsibility for 
the consequence of any use or misuse of, or inability to use, any information, apparatus, process or 
result obtained from Battelle, and Battelle, its employees, officers, or Trustees have no legal 
liability for the accuracy, adequacy, or efficacy thereof. 

BATTELLE COLUMBUS OPERATIONS 505 King Avenue Columbus, Ohio 43201-2693



 

TABLE OF CONTENTS 

Page 

1.0 INTRODUCTION ......................................................................................................................................... 1 

1.1 Background ............................................................................................................................................. 1 

1.2 Objective ................................................................................................................................................. 1 

2.0 TEST DESIGN AND APPROACH ............................................................................................................... 2 

2.1 Test Item Description ............................................................................................................................. 2 

2.2 Filtration System Performance Assessment ........................................................................................... 3 
2.2.1 Whole-Filter Performance Tests .................................................................................................. 3 
2.2.2 Carbon Gas Life Tests .................................................................................................................. 5 

3.0 RESULTS .................................................................................................................................................... 10 

LIST OF TABLES 

Table 1. Carbon Gas Life Test Matrix and Conditions ........................................................................................ 7 
Table 2. Measured Individual and Average Gas Life and Average Test Conditions for the 

Carbon Recovered from the Vertical Filtration System ....................................................................... 11 
 

LIST OF FIGURES 

Figure One. Photograph of Vertically Oriented Filter as Received (with Blower Mounted atop 
the Filter Housing).................................................................................................................................. 2 

Figure Two. Schematic of Whole-Filter System Aerosol Filtration and Airflow Resistance 
Test Fixture (Vertical Filtration System Shown) ................................................................................... 4 

Figure Three. Diagram of the Nominal Test System used for Gas Life Testing .................................................. 8



 

 
  

Acronyms and Abbreviations 

Acronym or Abbreviation Definition 

C Aerosol mass concentration 

CFM Cubic feet per minute 

cm Centimetre 

cm2 Square centimetre 

CMD Count median diameter 

DOP Dioctyl phthalate 

FTIR Fourier Transform Infrared 

g Grams 

gsd Geometric standard deviation 

HEPA High efficiency particulate air 

hr Hour 

iwg Inches water gauge (airflow resistance) 

IR Infrared 

L Liter 

L/min liters per minute 

m2 square meter 

m3 cubic meter 

mg Milligram 

mg/m3 milligram per meter cubed 

min Minute 

mL Milliliter 

mm Millimeter 

MPPS Most penetration particle size 

11 Aerosol filtration efficiency 

P Fractional aerosol penetration 

PAO polyalphaolefin 

RH Relative humidity 

SMPS Scanning mobility particle sizer 

t Time 

Tb Breakthrough time (gas life or service life) 

T temperature 

UV Ultraviolet 

pm micrometer 

VAC Volts, alternating current 
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1.0 INTRODUCTION 

1.1 Background 

MODEL : SHVF NBC 098 Series(Rev.:1) 

MANUFACTURE BY SAMHOON CO.,LTD IN KOREA(Rev.:1) 

         #561 SONGREA-DONG SOSO-GU, BUCHEON CITY, KYUNGGI-DO, KOREA(Rev.:1) 

         Mr. Jongsam Moo(CEO) (Rev.:1) 

Large-scale (750 to 3,000 m'/hr; [450 to 1,800 CFMJ) filtration systems used in scrubbing and air 

purification applications typically, at a minimum, contain fibrous media for collection and retention of aerosols 

and contain a sorbent bed, commonly activated carbon granules, to remove nuisance or hazardous gases and 

vapors. The performance of the filtration system - the efficiency of the filters to remove aerosols and their 

capacity to adsorb vapors and gases can range greatly depending on the application, operating conditions, and 

filter design. Battelle was contracted to assess the performance of contract-provided filtration system designs 

operated at conditions relevant to their intended application. 

1.2 Objective 

The objective of this effort was to characterize the air purification performance capability of filtration 

system designs provided by the contract. Three primary types of performance tests were performed, either on 

the entire filter or a sample of the filter's air purification media: 

• Airflow resistance (whole-filter) 
• Aerosol filtration (collection) efficiency (whole-filter) 

• Gas life (i.e., service life or adsorption capacity) of the adsorbent (carbon only) 

Details of the test approach used to generate the data reported here is described in the draft Test 

Plan delivered on 7 August 2015. A summary of the approach is provided in Section 2.0. Results - 

performance data - of the unit is provided in Sections 3.0.  
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 Note, the filter was accompanied with a blower, but it was not affixed to the filter housing when received. By 

inspection of the flow path, the blower was mounted upstream of the filter (as shown in Figure 1) to push 

contaminated air through the filter and deliver clean air out the side discharge port, which is consistent with its 

understood use. Also, the blower motor can be operated with either 50 or 60 FIz alternating current. The input 

voltage range to the blower is 440 to 500 VAC when wired for the Y-configuration, which is the configuration in 

which it was received. The motor was operated with 50 Hz because that is the expected input it will receive in its 

installed operation. 

2.2 Filtration System Performance Assessment 

System performance characterization comprised assessment of the intact, whole-filter while contained 

within the filtration system and carbon gas life adsorbent recovered from each filtration unit. The airflow rate 

(Q), airflow resistance (AP), and aerosol filtration efficiency (q) of the whole filter were measured while 

operating within the complete filtration system. After which, the filtration systems were disassembled to 

recover granular carbon adsorbent for gas life measurements. (Assessment of the carbon with respect to gas life 

is a destructive test and therefore requires the carbon to be recovered and tested in small diameter (4.0 cm 

diameter) carbon test beds with a carbon depth equal to that in the filter.) Samples of the loose carbon were 

tested for gas life (i|,) using airflow conditions equivalent to that which would be experienced in the filter. 

Details of the test procedures to measure airflow rate, airflow resistance, aerosol filtration efficiency, 

and carbon gas life are summarized below. 

2.2.1 Whole-Filter Performance Tests 

Filtration systems were operated at their rated voltage input and 50 Hz electrical service. Ambient 

indoor air comprised the make-up to flow through the filter, and as such, the temperature (T) was 23 ± 3°C and 

relative humidity (RH) was 40 ± 10%. Ambient air temperature and relative humidity was measured, but not 

controlled, during the whole-filter test. 

A schematic of the test system for whole-filter performance tests is shown in Figure two 

 

 



 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Pre

Digital Man

resistance) a

For each me

speed.) 

A t

was located

The traverse

duct to a vo

HVAC and 

The

methods use

emissions co

(PAO) oil, 

methods. Th

median diam

range of the

common ind

The

that is desig

essure taps lo

nometer (Dw

across the filt

easurement, t

traverse pitot 

d 0.5 m upstre

e pitot tube a

olumetric airf

chemical pro

e aerosol col

ed in industry

ontrol and/or

an inert test 

he challenge 

meter within 

e generally a

dustry standa

e aerosol gen

gned to produ

Figure Two 

ocated at the 

wyer Instrum

ter. The press

the blower w

tube array (S

eam from the 

array is factor

flow rate. Th

ocessing indu

llection effici

y for HEPA fi

r indoor air qu

aerosol that 

aerosol size w

that range, al

accepted mos

ards for testin

nerator was an

uce a ~ 0.2 µm

. Schematic o

blower exha

ments, Inc., M

sure different

as initially of

Series DS-40

distal end of

ry calibrated 

his measurem

ustry. 

iency was m

lter testing fo

uality. The tes

is commonly

was predomin

lso. The targe

st penetrating

g filter efficie

n oil aerosol g

m CMD aero

of Whole-Filte
Fixture (Vert

4 

aust and outle

Michigan Cit

tial across the

ff, turned on 

0 Flow Senso

f the downstre

to convert th

ment method i

measured usin

or air purificat

st aerosol for

y used in pla

nantly betwe

et challenge a

g particle size

ency. 

generator (Pa

osol of PAO 

er System Aer
tical Filtration

et airflow du

ty, IN) to m

e filter was m

and allowed 

or, Dwyer In

eam duct to m

he velocity pr

is a common

g a test meth

tion in applic

r filtration effi

ace of diocty

en 0.1 and 0.

aerosol media

e (MPPS) for

art No. 10806

for filter testi

rosol Filtration
n System Show

uct were conn

measure the p

measured inde

to reach stea

struments, In

measure the v

essure create

n approach an

hod based on

ations such as

ficiency testin

yl phthalate (D

3 µm on a co

an size of 0.1 

r HEPA filte

604, TSI, Inc.

ing applicatio

n and Airflow
wn)

nected to a S

pressure drop

ependently th

ady flow (stab

nc., Michigan

volumetric air

ed by the airfl

nd practice u

n established 

s respiratory p

ng was polyal

(DOP) in filtr

ount basis wi

 to 0.3µm is w

ers and consi

., Shoreview,

ons. The mea

w Resistance T

Series 477 

p (airflow 

hree times. 

ble blower 

n City, IN) 

rflow rate. 

flow in the 

used in the 

filter test 

protection, 

pha olefin 

ration test 

ith a count 

within the 

stent with 

, MN) 

asured 

Test



 

number siz

Shoreview, 

The

the DustTra

photometer 

instruments

concentratio

filtration eff

penetration 

to the partic

fractional co

 

    The perce

by 100%. Th

2.2.2 Carbo

Car

vertical filtr

the same, an

top bed onl

moisture or 

storage room

The

function in p

for the vert

vertical filte

match in the

through the 

The

Table 1. Th

basic gases,

ze distribution

MN). 

e primary ins

ak™ II (Mod

that measure

 are common

ons ranging fr

fficiency. Sam

(P), calculate

cle number co

ollection effic

ent penetratio

he aerosol fil

on Gas Life T

rbon was reco

ration system

nd because of

ly.) All carbo

other trace o

m maintained

e measured b

parallel). The

tical filter sys

er. Based on t

e loose carbo

loose carbon

e carbon gas l

he test chemic

, and hydride

n was measu

strument to q

del 8530, TS

es the total ae

nly used for fi

rom >100 mg

mples collecte

ed as the ratio

oncentration 

ciency, 1 - P,

n is obtained

ltration efficie

Tests 

overed from t

m. (It was assu

f ease of acces

on recovered

rganics prese

d at room tem

bed depth of t

e available cr

stems. The m

hose measure

on tube tests w

n bed tubes of

life was meas

cals represent

s so that the p

ured using a

quantify aeros

SI, Inc., Shor

erosol mass co

iltration effici

g/m3 to 0.001 

ed upstream a

o of challenge

measured up

 will be calcu

 

by 

ency (η) is gi

Equatio

throughout th

umed that the

ss (without ph

from the fil

ent in the amb

mperature. 

the vertical f

ross-sectional

measured volu

ed airflow rat

was 31 and 36

f 23 and 27 L

sured for nine

t a range of ch

performance 

5 

a Scanning M

sol concentra

review, MN)

oncentration 

iency measur

mg/m3, givin

and downstre

e aerosol conc

pstream of the

ulated. 

iven by: 

on 2. η = (1 -

he bed depth a

e carbon in th

hysically dest

lter was store

bient air. The 

filter was 20.

l surface area

umetric airflo

tes and cross-

6 cm/s, which

L/min. 

e test vapors/

hemical class

can be asses

Mobility Par

ation for filtra

. The DustT

of particles r

rements of thi

ng it the dynam

eam of the filt

centration me

e filter (Cu),

 

multip

P) × 100%

and various po

he two beds o

troying the fi

ed in a seale

carbon conta

3 cm (depth 

a available fo

ow rate was 

sectional area

h correspond

/gases at the t

ses such as or

sed over a br

rticle Sizer (

ation efficien

rak™ II is a

anging from 

is type. It can

mic range nee

ter were used

easured down

as shown in 

plying the frac

oints along th

of the vertical

lter) carbon w

d container t

ainer was reta

of a single b

r the airflow 

980 m3/hr (5

as, the equiva

s to a target v

arget test con

rganic vapors

road range of 

(SMPS, TSI,

ncy measurem

a light scatte

0.1 to 10 µm

n measure aer

eded to measu

d to quantify 

nstream of the

Equation 1. 

ctional penet

he circumfere

lly-oriented s

was recovered

to minimize 

ained in a lab

bed since the

to pass was 

580 CFM) th

alent airflow v

volumetric ai

nditions summ

s, acid gases, 

f potential che

 Inc., 

ments was 

ring laser 

m and such 

rosol mass 

ure HEPA 

fractional 

e filter (CD) 

Similarly, 

ration 

nce of the 

ystem are 

d from the 

uptake of 

oratory or 

 two beds 

8,800 cm2 

hrough the 

velocity to 

irflow rate 

marized in 

halogens, 

emicals of 



6 
 

interest. Humidity is known to often affect, beneficially and adversely, depending on the adsorbent/adsorbate 

interaction, performance and thus dry and humid conditions are included in the matrix. (Humid conditions are 

not included for hydrochloric acid and chlorine gases because of the gas phase interactions at humid conditions.) 

The challenge concentrations in Table 1 are within the range of concentrations used within industry for various 

air purification applications, which vary across countries and intended applications. The general concept was to 

test using concentrations that yielded a test that concluded within a reasonable test duration (< 6 hrs). Likewise, 

the breakthrough concentration for each test gas can be different for different standards and applications, but 

those used here are within a range found within the air purification industry for various applications. They often 

are concentrations in the range associated with little or no adverse health effect.  
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Tests were performed in triplicate for each of the unique test conditions (sixteen unique test conditions 

exist) specified in Table 1. The carbon gas life was measured by filling cylindrical tubes with a 4.0 cm inner 

diameter with carbon recovered from the whole filter to a bed depth equivalent to that in the whole filter. 

Consequently, the test matrix in Table 1 was repeated for carbon recovered from filter with the bed depth and 

airflow velocities unique to their respective filter. A representative schematic of the basic carbon gas life test 

system is shown in Figure Three. 

 

 

 

 

Table 1. Carbon Gas Life Test Matrix and Conditions

Test Gas 
Target 

[Challenge] 
(mg/m3) 

[Breakthrough] 
(mg/m3) Relative Humidity 

(%) Precond(a)/Test 

Replicates

 Ammonia (NH3) 1,750 ± 175 9 
AR/15 3

80/80 3
 Chlorine (Cl2) 2,000 ± 200 1.5 AR/15 3

   Cyanogen Chloride (CK) 750 ± 75 5 
AR/15 3

80/80 3

 Cyclohexane 8,930 ± 900 34 AR/15 3

80/80 3

 Hydrogen Chloride (HC1) 2,000 ± 200 7 AR/15 3

   Hydrogen Cyanide (AC) 1,040 ± 100 5.2 (AC + NCCN)
AR/15 3

80/80 3

   Hydrogen Sulfide (H2S) 1,390 ± 140 7 AR/15 3

80/80 3

 Phosphine (PH3) 420 ± 42 0.4 AR/15 3
80/80 3

 Sulfur Dioxide (S02) 3,930 ± 390 13 
AR/15 3

80/80 3
(a) Preconditioned for at least 6 his at specified humidity and T = 23±3°C; AR = as-received and requires no preconditioning; T = 23 ± 3°C 
for all tests and preconditioning. 
Q = 23 L/min, equivalent superficial velocity of 31 cm/s experienced at rated flow and carbon volume in vertical filter. 
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3.0 RESULTS 

The measured average delivered airflow rate, airflow resistance, and aerosol filtration efficiency are: 

• Q = 980 m3/hr (580 CFM) 

• AP = 11 iwg 

• η = 99.7 % 

The measured aerosol filtration efficiency is less than that required of a HEPA filter but it should be noted 

that careful inspection of the filter uncovered damage to the HEPA filtration medium. The damage, evident only 

with careful inspection, occurred prior to the system's delivery to Battelle. The initial filtration efficiency 

measurement was made prior to removing the HEPA filter to access carbon for gas life testing. 

The measured carbon gas life for all sixteen test conditions given in the test matrix of Table 1 are 

summarized in Table 2 along with the average measured test conditions. 

A few comments regarding the measured gas lives are appropriate to fully describe the results. 
• Several gas and test conditions resulted in the test being stopped before breakthrough was detected. 

o In all cases, those results are represented with the ">" prefix. For these the average and 

standard deviation were not calculated. Rather, the minimum measured gas life of the 

three replicates is reported. 

o Some of those tests were operated as long as could safely be operated within a normal 

working day. Hence, the reported ">" value sometimes exceeds 360 min. 

• There were cases when the measured gas life exceeded 360 min because those tests were able to run 

longer to completion before having to stop for safety purposes. 

• The measured gas life for phosphine is correctly reported for the 80/80 % RH condition. In all three 

replicates, phosphine was detected downstream of the carbon bed immediately after the start of 

challenge phosphine gas. In the first two trials, it was temporarily (<10 min) above the breakthrough 

criterion of 0.4 mg/nr on the initial effluent sample analysis and then continued to drift below the 0.4 

mg/nr criterion, but then gradually increased to above the breakthrough criterion. In those instances, the 

reported gas life is when the effluent exceeded breakthrough concentration during the gradual increase 

in effluent concentration. Otherwise, those two tests would have a breakthrough time of <3 min. In the 

third trial, phosphine was detected immediately; however, it was below (~0.2 mg/m3) the 

breakthrough concentration. The effluent concentration gradually decreased to approximately 0.06 

mg/m3 after 60 min, then very gradually increased to the breakthrough concentration at 139 min. This 

behavior of gradual decrease at the onset of testing and then gradual increase in effluent concentration 

had a relatively large effect on reported gas life. 
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Table 2. Measured Individual and Average Gas Life and Average Test Conditions for the Carbon Recovered from the 
Vertical Filtration System 

   V-H2S-15-T01 24 16 1,400 >396  

  AR/15 V-H2S-15-T02 24 15 1,400 >390 >378 

Hydrogen 1,390 ± 140 
 V-H2S-15-T03 24 14 1,400 >378  

Sulfide  V-H2S-80-T01 24 79 1,400 >360  

  80/80 V-H2S-80-T02 24 80 1,400 333 >333 

   V-H2S-80-T03 24 81 1,400 379  

   V-PH3-I5-T01 22 16 420 360  

  AR/15 V-PH3-15-T02 22 16 420 377 402 ±59

 

420 ±42 
 V-PH3-15-T03 22 16 450 469  

Phosphine  V-PH3-80-T01 22 83 430 93  

  80/80 V-PH3-80-T02 22 82 460 125 119 ±23

   V-PH3-80-T03 22 80 410 139  

   V-SO2-15-T01 21 17 3.500 67  

  AR/15 V-SO2-15-T02 23 17 3,600 69 67 ±2 

Sulfur 3930 ± 390 
 V-SO2-15-T03 23 17 3,700 64  

Dioxide  V-S02-80-T01 22 80 3,600 82  

  80/80 V-S02-80-T02 23 80 3,600 95 90 ±7 

         

   V-S02-80-T03 23 81 3,600 92  

Chemical Target [Chal] 
 (mg/m3) 

Target 
RH (%) Sample ID 

Avg T 

 (°C) 

Avg RH 
( % )  

Avg 
[Chal] 

(mg/m3) 

tb
1
  

(min) 

Avg  tb
1,2 

(min) 

Ammonia 1,750 ±175 

AR/15 

V-NH3-15-T01 21 18 1,900 38 

36 ±2 V-NH3-I5-T02 22 16 1,900 35 

V-NH3-15-T03 22 16 1,900 35 

80/80 

V-NH3-80-T01 23 78 1.900 31 

31 ±1 V-NH3-80-T02 21 79 1,700 30 

V-NH3-80-T03 22 81 1,800 32 

Chlorine 2,000 ± 200 AR/15 

V-CL2-15-T01 25 17 2,100 170 

171 ±2 V-CL2-15-T02 26 14 2,100 169 

V-CL2-15-T03 26 16 2,100 174 

Cyanogen 
Chloride 

750 ± 75 

AR/15 

V-CK-15-T0I 24 17 730 >374 

>361 V-CK-15-T02 24 13 760 >361 

V-CK-15-T03 24 13 760 >361 

80/80 

V-CK-80-T01 25 78 740 >369 

>369 V-CK-80-T02 24 79 750 >391 

V-CK-80-T03 24 79 750 >391 

Cyclohexane 8,930 ± 900 

AR/15 

V-CYC-15-T01 22 17 8.600 66 

67 ±3 V-CYC-15-T02 22 17 8,700 64 

V-CYC-15-T03 22 17 8,700 70 

80/80 

V-CYC-80-T01 23 81 8,500 <3 

<3 V-CYC-80-T02 23 81 7,800 <3 

V-CYC-80-T03 23 80 8,400 <3 

Hydrogen 
Chloride 

2,000 ± 200 AR/15 

V-HC1-15-T01 25 15 2,000 431 

>420 V-HC1-15-T02 25 15 2,000 420 

V-HC1-15-T03 25 15 2,000 >480 

Hydrogen 
Cyanide 

1,040 ± 100 

AR/15 

V-AC-15-T0I 24 14 990 226 

235 ± 14 V-AC-15-T02 23 16 1,100 251 

V-AC-15-T03 23 16 1,100 229 

80/80 

V-AC-80-T01 25 76 1,000 210 

219 ± 8 V-AC-80-T02 25 76 1,000 225 

V-AC-80-T03 24 80 1,000 221 

1  Breakthrough time normalized to the target challenge concentration.
2 Average of three trials at specific condition; ± indicates value of one standard deviation.
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