Diesel car exhaust smoke meter plots optical
transmission through a test tube

Janis Alnis 2022
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Introduction

In the EU country Latvia maximum permitted extinction coefficient k =3 (1/m) at max motor
revolutions 5000/min. Upon yearly check-ups my car frequently exceeds the limit value. Because | drive
only in the city and soot deposits in catalitic converter. A cure is to drive outside the city for at least an
hour so that catalytic converter heats up to > +300°C and soot burns in the presences of palladium
catalyst.

Because | specialize in optical spectroscopy | became curious how the commercial measurement device
AVL DiSmoke 280 works. Found a manufacturer data sheet. It has a lamp and photodetector on opposite
ends of a L= 21.5 cm long tube. Why this length? It gives 1/2 of light absorption at k = 3. More exactly
transmitted light has to be more than 53% to pass the exhaust cleanness requirement.

Beer-Lambert law of absorption in turbid medium:
Iexit/ Iinitial= exp ('k L ) k =- In( Iexit/ Iinitial) / L
where k is the extinction coefficient measured in 1/m and L is the absorption path length.

For example a 1 m long test tube at k = 3 would give a small transmission of only 5 % that is hard to
measure precisely, so optimal tube length is where transmission drops to half.



DIY Construction

| decided to build a device measuring diesel exhaust smoke. Searched the web and found on a
Hackaday a link: https://www.rmcybernetics.com/science/diy-devices/diy-air-quality-meter. But in that

prototype a general purpose air quality module measuring the scattered LED light saturated at diesel
smoke levels. So | decided to take as a base prototype the DiSmoke commercial device. Used threaded
water pipes to set optical distance of 21.5 cm between the two glass windows. On a diamond wheel cut
two round glass windows to fit into the pipe and glued with 5 min epoxy. Pipes can be unscrewed for

cleaning.

Light source is an Ebay LED torch with a collimating lens driven from a single AAA battery. Torch needs
to warm up about one minute to stabilize the output intensity. Photodetector OPT101 has an integrated
OP-amplifier supplied from +5V. Internal 1M feedback resistor is shunted by 200k (10-turn) variable
resistor. This resistor allows to adjust the photodetector gain to full range when soot deposits on
windows. | choose that 100% level is 500 Arduino ADC input units. Photodetector is separated from
Arduino LCD box by a 3 m shielded cable (an old USB cable) so that driver can see the meter display
sitting at the steering wheel. Red and black wires supply 5V to the photodetector amplifier. Green wire
is photodetector output and white wire is from a variable feedback resistor. There was a worry that
feedback resistor at 3 m separation would pick up noise but no problems were noticed as Arduino
averages analog input reading 1000 times. Full screen is 500 Arduino ADC input units normed using map
function to fill the display vertical 64 pixels . Made a moving marker on LCD marking 53%.

128x64 display from 3D printer bord was used displaying about 2 points per second. LCD in serial data
mode uses Arduino pins D10, D11, D13. YouTube video about the display use with
Arduino: https://youtu.be/ueMiQeVOCmo



https://www.rmcybernetics.com/science/diy-devices/diy-air-quality-meter
https://youtu.be/ueMiQeVOCmo

It took me some time to figure out how to display numeric value together with graphics using sprint()
function. As there is no storage implemented, | took display photos by a phone.

Device was supplied from three 18650 LiPos salvaged from an old PC soldered in parallel and charged by
a powerbank circuit board from Ebay.

10 mm outer diameter soft copper pipe was put into exhaust linked with a plastic tube. It did not get too
hot so could touch it with a bare hand. My prototype was assembled tested in 2 days and it took one
more day to put it in a nice housing. Whole project can be stored in a shoebox till next year car

inspection.
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Measurements performed on my diesel car Ford Fusion 2005 exhaust

After driving one year in the city. More than 50% absorption. Did not pass the legal smoke test. Official
k =3.7..4.9. Noticed that LED and PD windows covered with black soot after a few rews.

Aall

After 30 km on highway. Started to see a slight improvement when repeating gassing several times.

30km was not enough.

Noticed that 10 seconds keeping max revolutions gave an effect only for the first few seconds. This is
probably pressure wave that pushes out the dirt. So in next tests pressed gas pedal for ca 2 seconds
then let to calm down. Repeated up to 10 times. There was a trend that absorption dip became less. But
30 km was not enough.

After 120 km. There was noticeable improvement. At that point | had travelled to the end of Latvia and
into Estonia. Had to clean optical windows.

After 220 km. Returning back home. Test showed < 50 % absorption. Good results! So | will be able to
pass the legal diesel car smoke test. LED and PD windows were not covered with soot anymore. There
was an intensity drop due to water condensation.



Water vapor condensation problem

Commercial wallplug powered device uses heating of the test tube to 100C to prevent condensation. In
a DIY device water condensation problem was noticed — decrease of transmission after several rews.
Because hydrocarbons in combustion produce CO, and H,0. LES and PD windows were covered in fine

droplets, not soot.

On a hot sunny summer day the measurement the test tube became hot enough (+40C ) that no water
condensation happened anymore even after many rews.




Summary and Outlook

DIY absorption meter allows diagnosing diesel car exhaust smoke opacity to pass legal requirements and
see improvements in exhaust particulate matter after driving 300 km on highway and adding additives
to fuel.

Water pipe fittings can be easily disassembled for window cleaning. Difference between a commercial
and DIY device is that there is no fan to draw-in clean air but it is not a big problem as car exhaust at
idling is quite clean (2% of transmission loss).

The present project was to make a simple device quickly which works without fancy extras. One can
make a Bluetooth operated sensor sending data directly to phone for plotting.

LED light source intensity is not stabilized and drops as the AAA battery discharges. One can also forget
to switch off the LED. A more professional circuit using current stabilization like for laser diodes could be
used. Light intensity changes are compensated manually with the 10-turn photodiode gain resistor
which was OK.

This DIY opacity meter allows to understand Beer-Lambert law of optical absorption and to understand
the optical extinction coefficient k. Arduino code calculates the k coefficient using natural logarithm and
sends it to the serial port link. It would be nice to show on LCD as well. It was implemented in the latest
code. There should be implemented software min transmission value determination and largest k value
display for some seconds of time. Probably would need a button to reset this value or after some 10 s
delay.

Lack of cell window-heating occasionally (when the exhaust pipe is hot) leads to a problem with water
condensation on the optical windows decreasing the transmission. After a couple of max revs,
condensation builds up on LED and photodiode windows. In a commercial device condensation is
prevented by heating the measurement cell to 100C. Noticed that on a hot sunny day the device left in
the car had heated up to a temperature above 40 C and it was enough that no condensation was
happening.



Appendix. A commercial diesel smoke tester AVL DiSmoke used in legal car emission tests in Latvia.

Protection glass windows can be removed for cleaning.
Chamber is heated to +100°C to prevent water vapour condensation on the windows.

Carry handle
Connection for connector cable

AVL DiSmoke 480

(1)

Optical protection (removable)
Purge air outlet

Measurement gas output
Holder for suction funnel

Type plate (underside)
Measurement gas input

2) ——

O 00N OO, E WN =

Fresh air input

- Measurement chamber 100°C
heating

. - Effective length 0.215m +0.002 m
/ : - Maximum exhaus 200 °C

(4) (4) range Resolution

(7) - Turbidity 0-100% 0.1%

(6) - Absorption (k value) 0-9.99 1/m 0.01 1/m

Appendix.

DIY car smoke meter using dust monitor module featured on Hackaday.
Liked the idea with a graphical LCD display.
Sensor output saturates at max motor revs!

B HACKADAY

DIY AIR QUALITY METER AND
EMISSIONS TESTER

by: Moritz Walter
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Appendix Car test results to obtain an annual permission sticker.

June 6 2022. Smoke test initially failed k = 3.7...4.9:

Paatrinajumi

Ddmainibas vidéja vértiba 1/m 3.00 421 av OK
Dimainibas joslas platums 1/m 3.7 4.71 nav OK
Paatrinajums Paatrinajuma Turésanas laiks Tuk$gaita Noregulesana k
laiks

S S 1/min 1/min 1/m
1 1.30 1.70 800 4920 3.74
2 1.28 1.81 800 4880 3.99
3 1.44 1.30 800 4960 4.91
Rezultats
I1zplides gazu emisijas tests Alcelts

# Manuala ievade
Komentari

8.2.2.2. Dumainibas koeficents k parsniedz pielaujamo robezvértibu.

Possible additives to fuel to clean diesel engine when driving in the city.
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June 27 2022. Smoke test passed after driving 300 km on a highway burned out the smoke particles in
exhaust pipe and using fuel additive to clean the diesel engine. k = 1.37:

Tuksgaita 1/min 900 OK
Noregulétais apgriezienu skaits  1/min 4960 OK
Paatrinajumi
k (saisinati) 1/m 3.00 1:37 OK
Paatrinajums Paatrinajuma Turésanas laiks TukSgaita Noregulésana k
laiks

s s 1/min 1/min 1/m
1 2.40 1.80 900 4880 1.37
Rezultats
IzplGdes gazu emisijas tests |zturéts



Appendix

Optical extinction coefficent calculations using Beer-Lambert law

This is some physics /maths of exponential decrease law.

INSTITUTE OF PHysics PUBLISHING

Meas. Sci. Technol. 16 (2005) 2048-2055

doi:10.1088/0957-0233/16/10/021

Determination of light extinction

efficiency of diesel soot from smoke

opacity measurements

Magin Lapuerta', Francisco J Martos”

and M Dolores Céardenas’

is transmitted. Dispersed radiation accounts for both reflected
and diffracted radiation by the particles’ surfaces, and the sum
of adsorbed and dispersed radiation is called light extinction in
the literature (Zhao and Ladommatos 1998). The proportion of
light intensity recorded by the photodetector can be calculated
with the Beer—Lambert law (Oh and Sorensen 1997),

% = exp(—KexLy) (3)
where L, is the path length of the light beam through the
sampled gas stream and Ky, (m~ 1} is the extinction coefficient
of the gas, defined as the fraction of extinguished light
per unit of length crossed by the beam. This coefficient
increases with the particle concentration in the gas, C. Such

k=-logleflo)/ L

k L=1m  Expi-kL) k(L/m)  L(m) Transm
1 1 0,367879 1] 0.215 1.000
2 1 0.135335 0.1 0,215 0.979
3 1 0,043787 0.2 0,215 0,958
4 1 0.018316 0.5 0.215 0.298
1 0,215 0.807
2 0.215 0.651
3 0.215 0.525
4 0.215 0.423
5 0.215 0.341
& 0.215 0,273
7 0.215 0.222
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Appendix
Electronic circuit with OPT101, Arduino and 128x64 display

128x64Dots Serial/Parallel LCD

ST7920 Chinese Fonts built in LCD controller/driver

Main Features

. i : - = i

?per:ﬂgc ‘\ga;'ax Range: Name No. |10 Connects to Function LCD 12864 Controller Display Compatible with
®  Support 8-bit, 4-bit and serial bus MPU interface RST 711 — System reset input (low active) Ramps For RepRap Mendel 3D Printer
® 64 x 16-bit display RAM (DDRAM) Interface selection:

> Supports 16 words x 4 lines {Max) PSB 15 ! - 0: serial mode;

> LCD display range 16 words x 2 lines 1: 8/4-bit parallel bus mode.
® 64 x 256-bit Graphic Display RAM (GDRAM) RS(CS) | 4 | MPU Serfal mode: Chip select €1088-12.79
®  2M-bits Character Generation ROM (CGROM): 1: chip enabled;

Support 8192 Chinese words (16x16 dot matrix) RW(SID") 5 | MPU Serial Mode: Sserial data input
® 16K-bit half-width Character Generation ROM - Parallol Mode: 1; Enable igger.

(HCCROM): Eisoy s ! Py Serial Mode: Serial clock.

Supports 126 characters (16x8 dot malrix) Higher nibble data bus of 8-bit interface|

® 32.common x B4-segment (2 lines of character) | D4toD7 | 11~14 | VO MPU ‘and data bus for 4-bit interface
LCD drivars D0oD3 | 7-10 |10 MPU Lower nibble data bus of 8-bit interface. ) RASRRARRKARAKANAL)
®  Automatic power on reset (POR) v B . B TN T
®  External reset pin (XRESET) 00 s o0 2.5 10 ! 12864
® With the extension segment drivers, the display Vss 1 ! Pager L’ng O‘I” PP e— s ¥
N voltage doubler output. -« 1sCount
area can up to 16x2 lines VouT 18 o Resistors VOUT = 7V, Full Graphic Smart Controller € — > »

®  Built-in RC oscillator:
Frequency is adjusted by an extemal resistor

https://arduino-tutorials.net/tutorial/control-graphic-lcd-display-spi-st7920-128x64-with-arduino

sToP R4

+5v

200k

PD OUT

to Arduino Al

GND

; I L =L Yy 1 {n ¥ (Du)
= Bin

T J

e ‘* 5000LM Q5 Mini LED Flashlight Zoomable Penlight
' " Portable Torch Pocket Light
US $3.69

OPTI01 Monolithic Photodiode and Single-Supply Transimpedance
v/ ; » Amplifier 8-Pin

ot $s63

5V 2A 18650 Battery USB Power Bank Charger Module

Board $'|.57



https://arduino-tutorials.net/tutorial/control-graphic-lcd-display-spi-st7920-128x64-with-arduino

Appendix Arduino code
#include "c64enh_font.h"

/* (C)2019 Pawel A. Hernik

128x64 ST7920 connections in SPI mode (only 6 wires between LCD and MCU):
#01 GND ->GND

#02 VCC ->VCC (5V)

#04 RS ->D10/CS or any pin

#05 R/W -> D11/MOSI

#06 E ->D13/SCK

#15 PSB -> GND (for SPI mode)

#19 BLA -> D9, VCC or any pin via 300o0hm resistor
#20 BLK -> GND

*/

#define AD_VAL Al

#define LED_PWR 4

#define LCD_CS 10

#include "ST7920_SPIL.h"
#tinclude <SPI.h>
ST7920_SPI lcd(LCD_CS);

boolean mode =true; // false=points, true=lines
boolean showY = true; // If true, shows the Y values on screen
boolean encSwP = 0; // Previous state of encoder push switch // PUSH SWITCH VARIABLES

float dustVal=0;

void setup()
{
pinMode(LED_PWR,OUTPUT);
pinMode(AD_VAL, INPUT);
Serial.begin(9600);
SPI.begin();lcd.init(); lcd.cls();
Icd.setFont(c64enh);
}
intx;inty;
void loop()
{ dustVal=0;
for (int i=0; i<1000; i++) { // Loop to get average reading for stability
dustVal+=analogRead(AD_VAL);
//delay(10); // Wait 10ms before taking next reading
}

dustVal = dustVal / 1000; // Creates mean average from accumulated readings

y =map((int)dustVval,0,500,0,63); // Scale reading to display

if (y>63)y=63;

dustVal=dustVal/5;

float transmission=dustVal/100;

float k=-log(transmission)/0.215;

Serial.print (dustVal); Serial.print (" "); Serial.print (transmission); Serial.print (" "); Serial.println (k);

char posy_str[4]; int pos_y= dustVal;
if (dustVal>=100){sprintf(posy_str, "%u%u%u",(pos_y/100)%10, (pos_y/10)%10, (pos_y/1)%10);}
if (dustVal<100){sprintf(posy_str, " %u%u",(pos_y/10)%10, (pos_y/1)%10);}

Icd.drawline(x,63,x,63-y,1); Icd.drawLine(x+1,63,x+1,0,0); lcd.drawLine(x+2,63,x+2,0,0);lcd.drawLine(x+2,32,x+2,32,1);
Icd.fillRect(48,56,25,8,0); lcd.printStr(50, 57, posy_str);
Icd.display(0);

delay(100);
x++; if (x >127) {x = 0; lcd.drawLine(0,63,0,0,0);};
}



