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ABSTRACT 

Cellulosic ethanol produced from cellulosic biomass is an alternative to petroleum-

based transportation fuels. Raw cellulosic biomass has low density, causing high costs 

in their storage, transportation, and handling. Ultrasonic vibration-assisted (UV-A) 

pelleting can increase the density of cellulosic biomass. Effects of UV-A pelleting 

variables on pellet quality (density, durability, stability, and strength) and sugar yield 

have been reported. However, power consumption in UV-A pelleting has not been fully 

investigated. This paper presents an experimental investigation on power consumption 

in UV-A pelleting of wheat straw. Effects of input variables (biomass moisture content, 

biomass particle size, pelleting pressure, and ultrasonic power) on power consumption 

are investigated. Results show that power consumption in UV-A pelleting increases as 

moisture content and particle size decrease, and as pelleting pressure and ultrasonic 

power increase. 

Keywords: biofuel, biomass, pelleting, power consumption, ultrasonic 

1. Introduction 

Liquid transportation fuels (including gasoline, diesel, and jet fuels) account for 70% 

of the U.S. petroleum consumption [1]. In 2010, the U.S. transportation sector 

consumed about 19 million barrels of petroleum every day, and about half of them were 

imported [2]. Use of petroleum-based liquid transportation fuels contributes to the 

accumulation of GHG (greenhouse gas) in the atmosphere. These conditions plus other 

concerns (finite reserves, non-uniform distribution, and volatile price of petroleum) make 

it critically important to develop domestic sustainable alternatives to petroleum-based 

liquid transportation fuels [3,4].  
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One such alternative is cellulosic ethanol made from cellulosic biomass 

(herbaceous, woody, and generally inedible portions of plant matter). Cellulosic biomass 

is abundant and relatively inexpensive. Land resources in the U.S. are sufficient to 

sustain production of enough cellulosic biomass (about 1.3 billion dry tons) annually to 

replace 30% or more of the nation’s current consumption of liquid transportation fuels 

[5,6]. Cellulosic ethanol reduces GHG emissions by 85% over petroleum-based fuels 

[5,6]. In addition, a cellulosic ethanol industry would create jobs, increase farmers’ 

income, and boost rural economy [6].  

Figure 1 shows major steps in manufacturing of cellulosic ethanol. A major challenge 

to cellulosic biofuel manufacturing is the high costs in storage, transportation, and 

handling of low density biomass. Pelleting of cellulosic biomass can significantly 

increase the density of cellulosic biomass and reduce the costs in biomass storage, 

transportation, and handling [9].  

    Traditional pelleting methods (e.g., using a screw extruder, a briquetting press, or a 

rolling machine [10,11]) usually involve high-temperature steam, high pressure, and 

binder materials. It is difficult to realize cost-effective pelleting at or near the fields where 

cellulosic biomass is available by using traditional pelleting methods. Ultrasonic 

vibration-assisted (UV-A) pelleting, without using high-temperature steam and binder 

materials, can produce pellets whose density is comparable to those produced by using 

traditional pelleting methods [12].  

The literature on UV-A pelleting is focused on experimental investigations on pellet 

quality (density, durability, and stability) and sugar yield. However, power consumption 

in UV-A pelleting has not been fully investigated. The objective of this paper is to 
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investigate the effects of input variables on power consumption in UV-A pelleting. The 

input variables include biomass moisture content, biomass particle size, pelleting 

pressure, and ultrasonic power. 

2. Materials and methods 

2.1 Raw biomass material 

The pelleting feedstock used in this study was wheat straw harvested in 

northwestern Kansas in July of 2010. The wheat straw had been run through a John 

Deere 9600 combine (that removed wheat grains from wheat straw and chaff) and 

collected. The collected wheat straw had an average length of 25 cm. After harvesting 

and collection, wheat straw was stored in bags before use. 

2.2 Size reduction 

The size of wheat straw was further reduced using a hammer mill (model 35, 

Meadows Mills, Inc., North Wilkesboro, NC, USA), as shown in Figure 2. The hammer 

mill used a 240-volt, 5-horsepower electric motor. The hammer mill had a steel drum 

containing a rotating shaft on which 24 hammers were mounted. The rotation speed of 

shaft was fixed at 3600 rpm and the hammers were free to swing. The size of hammers 

was 101.6 x 25.4 x 4.8 mm. The wheat straw was fed into the grinding drum from the 

top of the hammer mill. The rotating hammers impacted the wheat straw to reduce the 

size of wheat straw. The produced particles would pass through the sieve at the bottom 

of the grinding chamber when they were small enough [13]. The screen size of the sieve 

in the hammer mill was 2 mm. 
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2.3 Separation of particle sizes 

Wheat straw particles from hammer milling had a wide size distribution. The particles 

were then separated into different size ranges using a sieve shaker (model RX-29, W.S. 

Tyler, Inc., Mentor, OH, U.S.), as shown in Figure 3. A series of sieves with different 

screen sizes were loaded on an agitation tray. Particles were put on the top sieve that 

had the largest screen size. A hammer stroke a cover located above the sieves at the 

rate of three times per second. Meanwhile, the agitation tray moved circularly at 200 

rpm. The running time of the sieve shaker was 10 minutes. 

 Particle sizes were determined by the screen size of the sieves. Table 1 lists the 

screen sizes of the six sieves used to separate the wheat straw particles. Theoretically, 

particles should be separated into seven different size ranges with these six sieves. 

However, almost all particles fell through the 2.4 mm sieve, so the particle size range of 

> 2.4 mm was excluded. Therefore, particles were separated into six different size 

ranges: < 0.2, 0.2 – 0.3, 0.3 – 0.4, 0.4 – 0.6, 0.6 – 1.2, and 1.2 – 2.4 mm. These six 

particle size ranges were investigated in this study. 

2.4 Adjustment of biomass moisture content 

Biomass moisture content represents the amount of moisture (water) contained in a 

certain amount of biomass (wheat straw in this study). The initial moisture content was 

determined by drying about 25 g of wheat straw particles (after hammer milling) in an 

oven (Blue M Electric Co., Blue island, IL, USA) at 103 °C for 24 hours according to 

ASABE standard S358.2 [14].  After drying, the dried particles were weighed by using 

an electronic scale (Ohaus, Pine Brook, NJ, USA). The initial moisture content was 
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calculated as the ratio of the loss in weight during drying to the weight of pre-dried 

sample. In this study, the initial moisture content was determined as 5%. 

   Another four levels of moisture content were also investigated in this study: 10%, 

15%, 20%, and 25%. The initial moisture content was adjusted to the higher levels by 

adding distilled water based on the ASABE standard [14]. Then, the wheat straw 

particles were stored in zip-lock bags until being pelleted. 

2.5 UV-A pelleting 

Pelleting was performed on a modified ultrasonic machine (model AP-1000, Sonic-

Mill, Albuquerque, NM, U.S.). Fig. 4 is a schematic illustration of the experimental set-up 

for UV-A pelleting. The machine included a power supply (which converts 60 Hz 

electrical power into 20,000 Hz electrical power), a converter (which converts high 

frequency electrical energy into vibration), and a titanium tool (which was connected to 

converter). The tip of the tool was a solid cylinder (17.4 mm in diameter) with a flat end. 

The vibration frequency of the tool was fixed at 20 kHz.  

The pneumatic cylinder was driven by compressed air provided by a 1.6 HP, 33 

gallon air compressor (Sears, Roebuck and Co., Hoffman Estates, IL, U.S.). The 

pelleting pressure represented air pressure in the pneumatic cylinder. The air pressure 

was controlled by a pressure regulator. A higher air pressure in the cylinder would cause 

a higher pressure applied on the wheat straw particles in the mold by the tool.  

Ultrasonic power was referred to the power provided by the power supply. It 

controlled the amplitude of the tool vibration. A larger ultrasonic power would result in 

larger vibration amplitude. Ultrasonic power was expressed as a percentage of the 

maximum ultrasonic power for the power supply. It could be adjusted from 0 (no 
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ultrasonic power) to 100% (the maximum ultrasonic power).  

An aluminum mold made in three parts that were assembled together with pins was 

used in UV-A pelleting. The upper two parts formed a cylindrical cavity (18.6 mm in 

diameter). The bottom part served as a base. There are six steps to make a pellet in 

UV-A pelleting: (1) one gram of wheat straw particles was loaded into the center cavity 

of the mold and the mold was clamped by a fixture, (2) the pelleting tool was fed down 

to compress the wheat straw particles in the mold, (3) turn on ultrasonic power and 

apply ultrasonic vibration to the tool, (4) record pelleting time, (5) turn off ultrasonic 

power and retract the tool, and (6) disassemble the mold and unload the cylinder-

shaped pellet. Table 2 shows experimental parameters and their values. Ten replicates 

were made under each experimental condition. 

2.6 Measurement of power consumption 

The term “power consumption” in this paper refers to the electricity consumed by the 

ultrasonic power supply. It measured the power consumed to produce pellets with a 

specific density (around 930 kg/m3). Different pelleting time was needed to produce the 

specific density under different conditions. In this study, the pelleting time for each 

condition was determined (to produce 930-kg/m3 density) based on a regression model 

developed by Fan et al. [15] to predict pellet density in UV-A pelleting under different 

conditions. In each measurement of power consumption, the pelleting time and pellet 

density were recorded. 

Power consumption was measured by a power analyzer (AEMC 2010.86 PowerPad 

Jr. Model 8230, AEMC-Instruments, Foxborough, MA). Voltage probe leads were 

connected to the 120 Volt AC cable and a current sensor was clamped around the AC 
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cable. The power analyzer began recording voltage and current when the tool started 

dropping and stopped recording data when the tool started retreating. 

2.7 Measurement of pellet density 

Pellet density means the density of an individual pellet and was determined by ratio 

of its weight to its volume. Weight of the pellet was measured by an electronic scale 

(Ohaus, Pine Brook, NJ, U.S.). The volume of a pellet was determined by its diameter 

and height measured with a vernier caliper. 

3. Results and discussion 

3.1 Effects of moisture content 

The effects of moisture content on power consumption are shown in Table 3 and 

Figure 5. The error bars in Figure 5 represent the standard deviations presented in 

Table 3. The pellet densities at different levels of moisture content are presented in 

Figure 5 (a). Statistic tests were conducted to compare the densities. The results 

showed that there was no significant difference between the densities at the 

significance level of 0.05.  

Different pelleting time was needed to produce the same pellet density at different 

levels of moisture content when other input variables were kept the same. As shown in 

Figure 5 (b), pelleting time increased slightly as moisture content increased from 5% to 

15%. Much longer pelleting time was needed when moisture content was 15% and 

25%. This indicates that higher moisture content would lead to lower pellet density if 

same pelleting time was used. This was consistent with the results of earlier studies. 
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Song et al. [16] reported that, with the same pelleting time, lower moisture content 

(13%) produced wheat straw pellets with higher density than higher moisture content 

(20% and 25%) in UV-A pelleting. Similar results were also reported by Zhang et al. 

[17]. 

As shown in Figure 5 (c), power consumption in UV-A pelleting increased slightly as 

moisture content increased from 5% to 15%. As moisture content increased from 15% 

to 25%, power consumption had a dramatic increase. This trend is very similar to that 

between moisture content and pelleting time. When moisture content was 5%, 10%, and 

15%, both pelleting time and power consumption slightly increased. When moisture 

content was 20% and 25%, both pelleting time and power consumption increased 

dramatically. There was an obvious correlation between pelleting time and power 

consumption. This indicates that the higher power consumption for higher moisture 

content was at least partially caused by longer pelleting time. 

Power consumption rate for different levels of moisture content is presented in 

Figure 5 (d). When moisture content increased to 20% or 25%, power consumption rate 

was much higher than those when moisture content was lower. This indicates that, 

excluding the effects of pelleting time, higher moisture content in itself would lead to 

higher power consumption. Therefore, from the viewpoint of power consumption, the 

moisture content of wheat straw particles in UV-A pelleting should be lower than 15%.  

Earlier studies also showed that higher moisture content (higher than 15%) in UV-A 

pelleting led to lower pellet durability and stability [17]. Therefore, lower moisture 

content is preferable in UV-A pelleting. 
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Similar relations between moisture content and pellet quality (such as density, 

durability, and stability) were reported in the literature by using other pelleting methods 

and other biomass materials. Fasina and Sokhansanj [18] reported effects of moisture 

content on pellet durability. When pelleting of alfalfa, as moisture content increased, 

durability increased first before reaching a maximum value of about 86% when moisture 

content was 5%, and then decreased. Fasina [19] studied the effects of moisture 

content on durability of peanut hull pellets. As moisture content increased, pellet 

durability increased first and reached a maximum value of 90% when moisture content 

was 9%, and then decreased. An increase in moisture content also resulted in decrease 

in pellet density. Colley et al. [20] studied the effects of moisture content on switchgrass 

pellets. As moisture content increased, pellet density decreased. Mani et al. [21] 

reported that moisture content significantly affected pellet density of barley straw, corn 

stover, and switchgrass using a single pellet unit (piston press pelleting). 

3.2 Effects of particle size 

The effects of particle size on power consumption are shown in Table 4 and Figure 

6. The error bars in Figure 6 represent the standard deviations presented in Table 4. 

The pellet densities at different levels of particle size are presented in Figure 6 (a). 

There was no significant difference between the densities at the significance level of 

0.05.  

As shown in Figure 6 (b), pelleting time increased as particle size increased. This 

indicates that larger particle size would lead to lower pellet density if same pelleting time 

was used. This trend was consistent with earlier results on relations between sieve size 

and pellet density. Zhang et al. [12] reported that, with the same pelleting time, smaller 
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sieve size (0.25 mm) produced higher density for wheat straw pellets than larger sieve 

size (8 mm) in UV-A pelleting. Zhang et al. [22] studied pellet density in UV-A of wheat 

straw particles using a 24 full factorial design with two levels of sieve size (1 and 2 mm). 

They reported that wheat straw particles milled with the smaller sieve size produced 

much higher pellet density than those milled with the larger sieve size. Similar results 

were reported by Mani et al. [21] who studied effects of particle size on pellet density of 

barley straw, corn stover, and switchgrass using a single pellet unit. When particle size 

decreased from 3.2 mm to 0.8 mm, the pellet density increased linearly. 

The effects of particle size on power consumption are shown in Figure 6 (c). It is 

obvious that power consumption increased as particle size decreased. This result is 

consistent with a previous study in which effects of particle size (3.2 and 9.6 mm) on 

pelleting power consumption of corn stover, sorghum stalk, big blue, and wheat straw 

were investigated by using two pelleting methods [23]. One was ring-die pelleting (a 

traditional pelleting method) and the other was UV-A pelleting. It is reported that 3.2 mm 

particles consumed less power than 9.6 mm particles in both pelleting methods. It can 

be seen from Figure 6 (c) that the trend between particle size and power consumption is 

similar to that between particle size and pelleting time. The correlation between pelleting 

time and power consumption indicates that higher power consumption of smaller 

particle size might be caused by longer pelleting time. 

Power consumption rate for different particle size is presented in Figure 6 (d). As 

particle size increased, power consumption rate decreased. This indicates that the 

higher power consumption for larger particle size was totally caused by the longer 

pelleting time needed to produce the specific pellet density. Therefore, from the 
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viewpoint of energy consumption in UV-A pelleting, smaller particle size was preferable 

to producing pellets with a specific density. 

Earlier studies on UV-A pelleting showed that smaller particles were also preferable 

to produce pellets with high durability and stability [12,22]. However, inconsistent 

relations between particle size and pellet quality were reported by other studies in which 

other pelleting methods were used. Theerarattananoon et al. [24] reported that sieve 

size of hammer mill did not have significant effects on pellet density and durability in 

ring-die pelleting. Similar results were also reported by Tabil and Sokhansanj [25]. 

Some researchers believed that smaller particle size increased the surface area of 

biomass [26]. The increase in surface area of biomass allowed easier access by 

enzymes, resulting in higher sugar yield in hydrolysis. However, Zhang et al. [27] 

reported that particle size in the range of 0.2 - 2.4 mm of switchgrass did not have 

significant effects on sugar yield in hydrolysis after UV-A pelleting. This result might be 

due to the narrow ranges of particle sizes. 

Smaller particle sizes required more power in size reduction [28]. Deines and Pei 

[29] reported that more power was consumed to produce smaller particle size in knife 

milling of switchgrass.  

3.3 Effects of pressure 

The effects of pelleting pressure on power consumption are shown in Table 5 and 

Figure 7. The error bars in Figure 7 represent the standard deviations presented in 

Table 5. The pellet densities of different pressure are presented in Figure 7 (a). There 

was no significant difference between the densities at the significance level of 0.05.  

As shown in Figure 7 (b), pelleting time decreased as pressure increased. This 
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indicates that lower pressure would lead to lower pellet density if same pelleting time 

was used. This trend was consistent with earlier results. Zhang et al. [30] investigated 

four levels of pelleting pressure (138, 206, 275, and 344 kPa) in UV-A pelleting. A 

significant increase in pellet density was found as pressure increased from 138 to 344 

kPa. Similar trend was also reported by Zhang et al. [22]. 

The effects of pressure on power consumption are shown in Figure 7 (c). It is 

obvious that power consumption decreased as pressure increased. The relations 

between power consumption rate and pressure are presented in Figure 7 (d). As 

pressure increased, there was no significant change in power consumption rate. This 

indicates that the higher power consumption for lower pressure was totally caused by 

the longer pelleting time needed to produce the specific pellet density. Therefore, from 

the viewpoint of energy consumption and productivity in UV-A pelleting, higher pressure 

was preferable. 

Previous studies also showed that as pressure increased from 138 to 275 kPa, pellet 

durability increased [30]. As pressure increased from 138 to 275 kPa, there was no 

significant change in pellet stability [30].  

3.4 Effects of ultrasonic power 

The effects of ultrasonic power on power consumption are shown in Table 6 and 

Figure 8. The error bars in Figure 8 represent the standard deviations presented in 

Table 6. The pellet densities for different levels of ultrasonic power are presented in 

Figure 8 (a). There was no significant difference between the densities at the 

significance level of 0.05.  

As shown in Figure 8 (b), pelleting time decreased rapidly as ultrasonic power 
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increased. This indicates that lower ultrasonic power would lead to lower pellet density if 

same pelleting time was used. This trend was consistent with earlier results. Zhang et 

al. [30] investigated four levels of ultrasonic power (30%, 40%, 50%, and 55%) in UV-A 

pelleting. A significant increase in pellet density was found as ultrasonic power 

increased from 30% to 55%. Similar trend was also reported in the results of a test with 

a 24 factorial design [22]. 

The effects of pressure on power consumption are shown in Figure 8 (c). Power 

consumption decreased rapidly as ultrasonic power increased from 50% to 100%. The 

effects of ultrasonic power on power consumption rate are presented in Figure 8 (d). As 

ultrasonic power increased, power consumption rate increased. This indicates that the 

higher power consumption for lower ultrasonic power was totally caused by the longer 

pelleting time needed to produce the specific pellet density. Therefore, from the 

viewpoint of energy consumption in UV-A pelleting, higher ultrasonic power was 

preferable. 

Higher ultrasonic power could produce pellets with higher durability and stability [30]. 

Sugar yield in hydrolysis also increased as ultrasonic power in UV-A pelleting increased 

[30]. Overall, using higher ultrasonic power was beneficial to UV-A pelleting. 

4. Conclusions 

This paper presents the effects of moisture content, particle size, pressure, and 

ultrasonic power on power consumption in ultrasonic vibration-assisted (UV-A) pelleting. 

The following conclusions can be drawn from the study. 

(1) As moisture content increased from 5% to 15%, power consumption in UV-A 

pelleting did not change much. As moisture content increased from 15% to 25%, 
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power consumption increased dramatically. Excluding the effects of pelleting 

time, higher moisture content in itself would lead to higher power consumption. 

Lower moisture content is preferable in UV-A pelleting. 

(2) As particle size increased, power consumption in UV-A pelleting increased but 

power consumption rate decreased. The higher power consumption for larger 

particle size was totally caused by the longer pelleting time needed to produce 

the specific pellet density. Smaller particle size is beneficial to UV-A pelleting in 

terms of high pellet quality and low power consumption. However, the power 

consumption in size reduction is increased dramatically to produce smaller 

particles. 

(3) As pressure increased from 206 to 344 kPa, power consumption in UV-A 

pelleting decreased but there was no significant change in power consumption 

rate. The higher power consumption for lower pressure was totally caused by the 

longer pelleting time needed to produce the specific pellet density. 

(4) As ultrasonic power increased from 50% to 100%, power consumption in UV-A 

pelleting decreased but power consumption rate increased. The higher power 

consumption for lower ultrasonic power was totally caused by the longer pelleting 

time needed to produce the specific pellet density. 
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Figure 1 Major steps in biofuel manufacturing (after [7,8]) 
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Figure 2 Size reduction by a hammer mill 
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Figure 3 Sieve shaker 
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Figure 4 Illustration of UV-A pelleting 
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Figure 5 Results for different levels of moisture content 
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Figure 6 Results for different levels of particle size (particle size level 1 - 6 

refers to particle size ranges of < 0.2, 0.2 - 0.3, 0.3 - 0.4, 0.4 - 0.6, 0.6 - 1.2, 
and 1.2 - 2.4 mm respectively)
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Figure 7 Results for different levels of pressure
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Figure 8 Results for different levels of ultrasonic power 
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Table 1 Screen sizes of sieves 

Sieve # 
Screen Size 

(mm) 
1 2.4 
2 1.2 
3 0.6 
4 0.4 
5 0.3 
6 0.2 
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Table 2 Experimental parameters and values 

MC (%) Particle size (mm) Pressure (kPa) Ultrasonic power (%) 

10 
< 0.2; 0.2 - 0.3; 0.3 - 

0.4; 0.4 - 0.6; 0.6 - 1.2; 
1.2 - 2.4 

344 95 

5; 10; 15; 20; 25 2* 344 95 
10 2* 206; 241; 275; 310; 344 95 
10 2* 344 50; 60; 70; 80; 90; 100

*Particles were obtained from hammer milling with 2mm sieve size.
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Table 3 Results for different levels of moisture content 
 

Moisture content Density* Pelleting time Power consumption* Power consumption rate*

(%) (kg/m3) (second) (Wh/g) (x102 W/g) 

5 938 (28) 11 0.57 (0.01) 1.86 (0.04) 
10 911 (29) 12 0.60 (0.02) 1.81 (0.06) 
15 926 (33) 14 0.74 (0.03) 1.89 (0.07) 
20 916 (39) 30 5.13 (0.13) 6.16 (0.16) 
25 918 (42) 80 17.47 (0.57) 7.86 (0.26) 

 
* Numbers outside parentheses are mean values and numbers enclosed in parentheses are 
standard deviations for n = 10 
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Table 4 Results for different levels of particle size 
 

Particle size Density* Pelleting time Power consumption* Power consumption rate*

(mm) (kg/m3) (second) (Wh/g) (x102 W/g) 

< 0.2 942 (21) 4 0.35 (0.02) 3.11 (0.15) 
0.2 - 0.3 931 (14) 8 0.43 (0.01) 1.94 (0.04) 
0.3 - 0.4 940 (23) 9 0.47 (0.01) 1.88 (0.06) 
0.4 - 0.6 929 (39) 11 0.51 (0.02) 1.68 (0.06) 
0.6 - 1.2 916 (32) 12 0.55 (0.02) 1.64 (0.05) 
1.2 - 2.4 918 (29) 14 0.59 (0.02) 1.53 (0.07) 

 
* Numbers outside parentheses are mean values and numbers enclosed in parentheses are 
standard deviations for n = 10 
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Table 5 Results for different levels of pelleting pressure 

Pressure Density* Pelleting time Power consumption* Power consumption rate*

(kPa) (kg/m3) (second) (Wh/g) (W/g) 

206 933 (32) 19 1.22 (0.05) 2.31 (0.14) 
241 932 (25) 17 1.12 (0.03) 2.37 (0.08) 
275 946 (33) 15 0.95 (0.04) 2.29 (0.11) 
310 942 (30) 13 0.85 (0.03) 2.36 (0.11) 
344 950 (35) 11 0.79 (0.03) 2.59 (0.08) 

* Numbers outside parentheses are mean values and numbers enclosed in parentheses are 
standard deviations for n = 10 
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Table 6 Results for different levels of ultrasonic power 

Ultrasonic power Density* Pelleting time Power consumption* Power consumption rate*

(%) (kg/m3) (second) (Wh/g) (W/g) 

50 928 (38) 50 1.67 (0.08) 1.20 (0.13) 
60 935 (35) 40 1.53 (0.07) 1.38 (0.11) 
70 932 (21) 25 1.17 (0.04) 1.68 (0.07) 
80 943 (29) 20 1.05 (0.03) 1.88 (0.06) 
90 946 (38) 15 0.89 (0.05) 2.13 (0.09) 

100 938 (26) 10 0.63 (0.04) 2.26 (0.08) 
* Numbers outside parentheses are mean values and numbers enclosed in parentheses are 
standard deviations for n = 10 
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