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Abstract 

Bulk flow properties of five kinds of model food powder composed of potato starchy powder (potato starch) 
and proteinaceous powder (wheat protein) were determined at different levels of water activity.. Fitted equa­
tions relating the bulk properties to water activity were 때so developed. As either the water activity or the pro­
tein content of model food powder increased, compressibility, compaction ratio, and irrecoverable work in­
creased; however, asymptotic modulus and relaxation (%) of the powder decreased. In all fitted equations the 
coefficients of determination were high enough (above 0.98) to guarantee the reliability of the equations. 
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Introduction 

The bulk flow properties of food powder which 

play an important role in processing, handling, and 
storage may often be influenced by an εn­

vironment sUITounding them. Especially, relative 

humidity (or cquilibrium water activity) strongly 

influences the bulk properties, causing flow dif­

fic비t없 or caking of powder (Peleg, 1977, 1983). 

Extensive research works on thε bulk flow pro­

perties are available in the literature (Mannheim 

and Passy, 1981). A few reports havε been focus­

ed on the important bulk properties such as com­

pressive deformation pattems (Hollenbach, 1982, 
1983) and stress relaxation pattems (H이lenbach 

and Peleg, 1982). Such works havε dealt with cof­
fee (Moreyra and Peleg, 1980), coffee creamεr 

(Peleg ef al. , 1982), baby formula (Morεyra and 

Peleg, 1‘)81), sugar (Hollenbach and Peleg, 1983), 
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onion powder (Moreyra and Peleg, 1980), bran 

powder (Moreyra and Peleg, 1982), soy protein 

(Hollenbach and Peleg, 1983), com starch 

(H이lenbach and Peleg, 1983), anticaking agents 

(Hollenbach et al. , 1982), and glass beads (Peleg 

et al. , 1982, Scoville and Peleg, 1981). 
Food powder often exists in the form of mixture 

composed of basic constituents and therefore the 

bulk properties may be affected by the chemical 
nature of each constituent powder. In general, star­

chy powder (e.g., potato starch and com starch) is 

considered to be relatively free flowing, while pro­

teinaceous powder (e ,g. , soy protein and wheat 

protεin) relatively more cohesive. The bulk flow 

properties of each constituent powder may be u­

tiJized to predict or estimate the properties of mix­
ed food powder. However, no attempts have been 
made to determine the bulk flow behavior, espe­

cially compressive deformation pattems and stress 

relaxation pattems of modε1 food powder mixed 

with starchy powder and proteinaceous powder in 
an appropriate ratio. In addition, few of the re-
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ported propertiεs have beεn related with thε c­
quilibrium water activity, which is the most in­

fluential to the flow property changεs of food 
powde야r. 

Therefore, in this research the compressive de­
forrnation pattεms and the stress relaxation pat­
tems of model food powder composed of starchy 

powder (potato starch) and proteinaceous powder 

(wheat protein) were deterrnined and compared at 
differεnt water activity levels, and the fitted rζ­

gression equations relating those propeπies to wat­
er activity werc developed 

Materials and Methods 

Materials 
Commercial potato starch and wheat protein 

were purchased at local stores. Five kinds of 
modζ1 food powders were prepared according to 
the mixing ratio as shown in Tablε 1. 

Determination of water activity 
Water activity was measured with an 비eζ­

trohygrometer (Novasina Co. , Model EE3A-3) aft­
er equilibration at 20"C. 

Determination of compressi비ity ， compaction ratio , 

and irrecoverable work 
Compression tests were carried out based on the 

procedures described in Peleg et al. , (1982), Sco­
villε and Pelεg (1981), and Morcyra and Peleg 
(1980). Fig. 1 shows the test cells used for the 
comprεssion test. Powder was pourεd into thε 

stainless steel test cell (45 mm in diameter and 30 
mm in depth) and a cover platε (40 mm in di­

ameter and 3 mm in thickness) was placed on thε 

top of the powder. The test cell was then mountcd 

Table 1. Formulations of five kinds of model food 
powder 

Model 
food powder 

Mix ratio (hased on w/w%) 
Potato starch Wheat protein 

(Staπhy powder) (Proteinaceous powder) 
100 0 
70 30 
50 50 
30 70 
o 100 
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on thε base plate of Instron Universal Testing Ma­
chine (Model 10(0) and the powder specimen was 

compressed with a 50 kg comprεssion load cell at 
a crosshead speed of 2.0 mm/min. ηle forcε-timε 
curvεs were recorded at a chart speed of 40 mm/ 
mm. 

Since the initial weight of the powder and the di­

mensions of thε cell were knowlI, the force-timε 

cuπes could be transforrned illto bulk density-com­
pressive stress (1-10 kgr/cm') relationships. The rc­
lationships could be described by the followillg 
cmpirical equatioll (Peleg, 191'3‘ Peleg c( (/1 ‘ 

191'2). 

p=a+b log 0,; 

where: p=bulk density (g!cm') 
O,;=compressive stress (kgrlcm') 
a,b=constants 

、‘ , / 
l ( 

Thε constant "b" in Eq. (1) defined as the com­
pressibility was calculated from thε slope of semi­
logarithmic plot. The constant "a" becomes a bulk 
density after compression at 1 kg,/cm'. Com­
pactioll ratio can be expressεd as the ratio of bulk 
dellsity at the comprεssive stress of 1 kgr/cm' to 
bulk dεnsity before comprcssiolll (Scovillc and 
Peleg, 1981 , κ10reyra and Pεleg， 1(80). 

Co= pc 
po 

(2) 

where: CR=compaction ratio 

po=bulk density before compression (g!cm ‘) 
p,=bulk density after compression (g!cm ‘) 

at 1 kgticm 2 

Cross head 

T 
+ Covcr plate 

(a) 
m ( 

(c) 

Fig. 1. Test cell for the compression test of model food 
powder. (a) Powder is in removahk ring; (h) Exιεss 

powder is scraped off; (c) Powder is comprcsscd 
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Deformation of 
non--cohesjvc powder 

Deformation of 
cobesîve powder 

Fig. 2. Typical compression and decompression curves 
of cohesive and non-cohesive powders. A: Irrecoverable 
work; B: Recoverable work 

Irrecoverable work was determined based on the 

previous reports (Peleg et al., 1982, Moreyra and 

Pεleg， 1981). 까1ε force-deformation cuπes were 

recorded during compression-decompression tests 

(Fig. 2) by reversing the chart movement direction 
during decompression. 까le overall work was repre­

sented hy the total area under the forcε dεforma­

tion cUJve in compression and the irrecoverable 

work b:v the area bound by the hysteresis loop. 
πle irreversible work was reported as follows. (%) 

IR (%)=-;-쓰 x (1 00) 
A+B 

whεrε: I. (% )=irrecoverable work 
A=A area in Fig. 2 

B=B arεa in Fig. 2 

Determination of stress relaxation patterns 

(3) 

Powder spεcimen used for the compression tests 

was compressed with a 50 kg compression load 

cell of the Instron Universal Testing Machine 

(Model 10(0) at a crosshead speed of 2.0 mm!min 

(Moreyra and Peleg, 1981 , Peleg, 1979). After 

reaching 83% deformation (17% of the origina! 

volume) the crosshead was stopped and the force­

rεlaxation curves (Fig. 3) wεre recorded at a chart 

speed of 20 mm!min. 

The force relaxation curves were normalized 
and linearized by: 

Fot 
~-=k， +k， t 
Fo-F(t) • 」

(4) 

wherε: k, and k,=constants characteristics of thε ac­
tual shape of curve 

Compression 
Stress r허axa디on 

--
Time 

Fig. 3. Typical deformation and relaxation curves of 
d.γ and wet powdeπ. -: Dry powder, …: Wet powder 

Fo=initial force 

F(t)=force after time t 

t=time (min) 

While 1/k, depicts the initial relaxation rate, l !k, is 

an asymptotic value of [Fo-F(t)]/Fo. This enables 

calculation of an asymptotic modulus (EA) from: 

EA =뚫 (1-1셔 (5) 

where: A=cross sectional area of the specimen 
(cm') 

EA=asymptotic modulus (kgJcm') 
E=stram 

The magnitude of EA can serve as a practical in­
dex of solidity. The strain can be calculated from: 

L1H 
e=-­

Ho 
(6) 

where: Ho=height of specimen before deformation 

(mm) 

ilH=height of specimen after deformation 
(mm) 

And % relaxation can be calcu!ated from the fol­

lowing equation (1 3): 

F‘1 minì % relaxation = 그갇쓰쓰ι x100 
1< 0 

(7) 

where: F(l min)=forces recorded after 1 min at re­
laxation 

Statistical analysis 

Polynomial regressions were done using thε Sta­
tistical Analysis System (SAS) (1985). 
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Results and Discussion 

Compressibility, compaction ratio, and irrecover­

able work 
Compressibility values of model food powder 

are listed along with water activity levels in Table 

2. As shown in the Table 2, compressibility of all 

the powder increased with increased water activity 

This implies that even a non-cohesive powder may 

cause problem related to the decreased flowability 

when subjected to an environment of hi야 humi­
dity. As for the composition of a powder, the 

more proteinaceous the powder, the higher its com­

pressibility. This means that, if a powder of high 

protein content is exposed to a high humidity en­

vironment, the powder may aggregate or s이idify 

due to the increased compressibility. 

Compaction ratios of model food powder are 

given in Table 3. Compaction ratios of all the 

powder increased with increase in water activity, 
implying the flowability of the powder can be de­

creased with increased water activity especially 

when the powder is kept under the pressure of 1 

kgf/cm2
• In a humid environment powder shows 

higher compaction ratio and less flowability than 

in a dry environment As for the powder com­

position the higher proteinaceous the powder, the 

higher its compaction ratio. 까lÌs means the pro­

teinaceous powder may have more serious flow 

problem than the starchy powder. 

The regression coefficients of quadratic model 

equations for compressibility and compaction ra­

tios are also given in Table 2 and Table 3. In both 

Tables the coefficients of detemlÎnation were so 

high (minimum 0.991 for compressibility and min­

imum 0.981 for compaction ratio) that those 

equations can be used successfully for the pred­

iction of compression and compaction ratio of a 

powder at different humidity conditions. 

The percent of irrecoverable work during com­

pression and decompression of model food powder 

is given in Table 4. The low irrecoverable work 
implies that the powder retums easily to a frε@ 

flowing state after removal of the extemal load. 

The irrecoverable work of all the powder in­

creased with increased water activity. Especially, 
at the water activity of 0.76 or higher, the ir­

recoverable work was larger than 89%, implying 

thε high possibility of producing agglomerate dur­

ing powder processing at a humid condition. The 
more proteinaceous powder, the higher irrecover­

able work. In other words, the proteinaceous powd­

er is most likely to cause flow problems 

Table 4 also lists the regression coefficients of 

Table 2. Compressibility of model food powder aod regression coeßicieots to predict compressibility at different wat­
er activity 

Model Compressibility Regression coefficients 
food 

powder μ 0.12 0.23 0.33 0.44 0.53 0.65 0.76 0.84 a b c R' 

SlOPO 0.006 0.007 0.008 0.010 0.012 0.015 0.018 0.021 O.α)56 0.0010 0.0205 0.999 
s.,p, O.이)8 0.009 0.010 0.012 0.015 0.019 0.021 0.024 oα)64 (l.O040 0.0191 0.991 
SsP, 0.010 0.010 0.012 0.013 0.015 0.019 0.024 0.027 0.0107 0.001 0.0351 0.996 
SJ', 0.012 0.013 0.014 0.016 0.019 0.023 0‘ 026 0.029 0.0113 0.001 .5 0.0237 0.995 
SoPlO 0.013 0.014 0.014 0.016 0.020 0.024 0.028 0.031 0.0131 ... 0.006 0.0330 0.991 

a,b,c are constants for the quadratic equation , y=a+bx+cx', where x=water activity, y=bulk flow properties 

Table 3. Compaction ratio of mod바 food powder aod regressioo coeßicieots to predict compaction ratio at dilferent 
w'ater activity 

Model 
fα)d 

Compaction ratio Regression coefficients 

powder μ 0.12 0.23 0.33 0.44 0.53 0.65 0.76 0.84 a h c R' 

S,oPO 1.09 1.10 1.11 1.13 1.17 1.20 1.23 1.25 1.0748 0.0710 0.1719 0.988 
S,P, 1.13 1.14 1.15 1.17 1.21 1.27 1.31 1 저 1.1211 0.0026 0.3101 0.984 
S,P, 1.16 1.17 1.19 1.21 1.26 1.29 1.32 1.35 1.1380 0.1160 0.1656 0.988 
S,P, 1.20 1.21 1.22 1.24 1.28 1.32 14.36 1.39 1.1935 0.000 0.2851 0.994 
s。PIO 1.24 1.25 1.26 1.28 1.32 1.38 1.41 1.43 1.2271 0.0338 0.2638 0.981 

a，bι are constants for the quadratic equation , y=a+bx+cx'’ where x=water activity, y=b비k flow properties 
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quadratic equations for the irrecoverable work of 

model food powder. As shown in the table, the 

coeκicients of deterrnination was higher than 

0.975. πlÌs s뼈gests that the equations will be use­

ful to predict the irrecoverable work of powder in 

an environment of different humidity. 

Asymptotic modulus and relaxation (%) 

Asymptotic modulus values decreased with in­

crease in water activity levels (Table 5). As powd­

er absorbs moisture at a humid condition, the 

powder may lose its solid, elastic properties. As 

for the powder composition the more protein­

aceous the powder, the lower its asymptotic mo­

dulus values, implying a decreased flowability of 

thε proteinaceous powder. 

Relaxation (%) values indicating powder elas­

ticity are given in Table 6. AlI the model food 

power showed d야rease in relaxation (%) as water 

activity levels increased. In general, the adsorbed 

water decreases the powder elasticity. As for the 

powder composition the more proteinaceous the 

powder, the lower its relaxation (%) values. In oth­

er words, the starchy powder retains the higher 

elasticity than the proteinaceous powder. 

까le regression coefficients of quadratic equation 

for asymptotic modulus and relaxation (%) are 

also shown in Table 5 and Table 6, respectively. 

까le coefficients of deterrnination were above 0.989 

for asymptotic modulus and above 0.985 for re­

laxation (%), implying the reliability of the equa­

tIons. 

Table 4. Irrecoverable work of model food powder and regression coefficients to predict iπecoverable work at dif­
ferent water activity 

Model Irrecoverable work (%) Regression coefficients 
food 

powder aw 0.12 0.23 0.33 0.44 0.53 0.65 0.76 0.84 a b c Rι 

S，，，P。 72 72 74 77 80 85 89 91 70.220 5.5807 24.628 0.990 
S,p, 75 75 77 80 85 91 94 96 72.178 10.354 23 .422 0.976 
S,p, 76 77 79 81 84 92 96 97 74.519 4.5642 28.877 0.975 
S'P7 79 80 82 85 89 93 97 98 76.154 15.531 14.086 0.986 
SOPIO 81 82 84 87 91 96 98 99 77.422 20 .516 7.8998 0.976 

'* a.h,c are constants for the quadratic equation, y=a+bx+cx2

’ 
where x=water activity, y=bulk flow properties 

Table 5. Asymptotic modulus of model food powder and regression coefficients to predict asymptotic modulus at dif­
ferent water activity 

Model Asymptotic modulus (g/cm') Regression coefficients 
food 

powder aw 0.12 0 ‘ 23 0.33 0.44 0.53 0.65 0.76 0.84 a b c Rι 

S"，P。 1.58 1.57 1.55 1.52 1.47 1.40 1.36 1.32 1.5978 - 0.052 - 0.344 0.991 
S,P, 1.52 1.50 1.49 1.47 1.42 1.36 1.30 1.26 1.5187 0.0513 - 0.437 0.994 

s ‘p‘ 1.47 1.46 1.45 1.42 1.36 1.30 1.24 1.1 9 1.4730 0.0658 - 0.488 0.994 
S'P7 1.41 1.39 1.37 1.34 1.29 1.23 1.27 1.1 2 1.4189 0.022 0.402 0.998 
S"PJO 1.37 1.35 1.35 1.27 1.22 1.16 1.09 1.04 1.3954 - 0.094 0.4014 0.989 

a,h,c are constants for the quadratic equation, y=a+hx+cx' ‘ where x=water activity, y=hulk flow properties 

Table 6. Relaxation (%) of model food powder and regression coe빼cients to predict relaxation (%) at different wat-
er activity 

Model Relaxation (κ) Regression coefficients 
food 

powder aw 0.12 0.23 0.33 0.44 0.53 0.65 0.76 0.84 a b c Rι 

Sl{)P" 96.4 <)5.9 95.3 <)4.5 <)2.7 90.4 89.2 88.2 97.082 2.85<) - 9.728 0.985 
S,p, 95.6 95.1 94.6 93.8 92.5 90.9 88.4 87.5 95.600 1.4362 13.58 0.995 
S,P‘ 93.6 93.1 92.6 92.0 90.7 89.2 87.8 86.9 93.914 1.242 8.72B 0.995 
S3P, 90.3 89.9 B9.4 88.9 87.7 86.2 85 .4 84.8 90.847 2.868 - 5.514 0.986 
SOPIO 88.7 88.3 87.9 87.3 86.1 85.2 84.5 83.9 89.333 3.79() 3.3867 0.988 

a,h,c are constants for the quadratic equation, y=a+bx+cx'‘ where x=water activity, y=bulk flow properties 
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Co이’nc미lusions 

It has been shown that the flowability-re1ated 

physica1 properties of model food powder can be 

monitored by simple tests and can a1so be predict­

ed by regressed model equations. ηle properties 

such as compressibility, compaction ratio, ir­

recoverable work, asymptotic modulus, and re­

laxation (%) are a11 quantifiable and provide num­

erical sca1es for powder quality or powder flow. 

Though the fitted equations to predict those pro­

perties are derived from empirical relationships, 
they are still meaningful because of their direct re-

1ation with the fundamental properties of a powder 

and the relative humidity of an environment. 
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