
SPEKTRA: Jurnal Fisika dan Aplikasinya 

 

  | 189 

 

THE COMPATIBILITY OF MODEL FOR LOW 

SHEAR FLOW ANALYSIS IN DEVELOPING 

PLASTICIZED HTPB-BASED BINDER 

Afni Restasari*, Luthfia Hajar Abdillah, Retno Ardianingsih,  

Bagus Wicaksono, Rika Suwana Budi 

National Institute of Aeronautics and Space (LAPAN), Jakarta, Indonesia  

 

*Corresponding Author Email: afni.restasari@lapan.go.id     

ABSTRACT 

In developing flow behavior of plasticized prepolymer as liquid 

content of composite solid propellant, zero shear viscosity (ZSV) is a 

critical parameter that Goh-Wan equation is developed to model it 

recently [1]. Thus, this work aims to analyze the compatibility of the 

Goh-Wan equation toward the liquid content of propellant, 

characterize it, and determine the limit. In this work, a varied flow 

behavior index was obtained by using Hydroxy terminated 

polybutadiene (HTPB) and HTPB-DOA (Dioctyl adipate) system 

with the variable of its concentration, pre-heating, and pre-stirring 

methods as samples. Viscosity was measured at 2, 3, 4, and 5 rpm by 

using the disc spindle of Brookfield viscometer. For the minimum 

shear-rate investigation, as a limit of compatibility, other three sets of 

shear rates are applied, which are 0.6 – 5 rpm, 1 – 5 rpm, and 1,5 – 5 

rpm. By functioning Goh-Wan equation (model 1) and Power-Law 

(model 2), a model was categorized as compatible if yields lower 

value of ZSV than the first experimental measured viscosity (η1st). 

Characterization was determined by a graph of plotting percentage 

difference of ZSV obtained from models 1 and 2 towards the index of 

flow behavior. The 3% of the difference between ZSV obtained from 

model 1 and  η1st was set to be a minimum value for a set of applied 

shear-rate to be acceptable. It is reported that the Goh-Wan model is 

compatible with the liquid content of propellant and characterized by 

a perfect linear correlation. It is also found that a minimum applied 

shear rate of 1.5 rpm is acceptable for model compatibility.   
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INTRODUCTION 

The composite solid propellant is a kind of rocket fuel that consists of solid and liquid contents. 

Solid content provides most of the energy needed to rocket reaches its height target. It includes 

aluminum and ammonium perchlorate as oxidation. It fills around 85% of the total mass of 

propellant. As high filled material, it is liquid content, a polymeric binder, that holds those 

microparticles with the network. This liquid content also plays a main role in manufacturing 

propellant as at first all components are mixed, forms a slurry, and cast into a certain shape of 

solid with specific complicated grain geometry [2-4]. 

Recently, research about case bonded propellant is more developed over free-standing 

propellant. Both are kinds of propellants based on their manufacturing way. In the free-

standing method, the propellant is cast separately from the rocket motor. While in the case 

bonded method, the propellant is cast directly into the rocket motor. The preferences about 

case bonded propellant include its easiness to produce a big rocket as well as many rockets, 

higher performance, and higher stress tolerance [3,5,6]. However, concerning to flow of 

propellant slurry during casting, it has several problems. 

Flow behavior is an unneglectable parameter to obtain a homogenous as well as physically 

non-defect propellant solid. Propellant slurry with poor flow is difficult to be mixed 

homogenously. As a result, for example, particles are more clustered in a certain part of 

propellant solid than other parts, and this condition has the potential to damage the rocket 

motor with more explosion in that part than others. The non-homogenous propellant slurry 

also causes the forming of voids, pores, and crazes, resulting in the same danger. In addition, 

designed grain geometry also can not be obtained smoothly with poor flow, making specific 

impulse (Isp) as a parameter of rocket performance far from prediction. Previous research has 

been performed to set an advantageous flow behavior parameter though it depends on the 

manufacturing technique [3,7]. 

For viscosity, low value and slow rate of increasing viscosity are favorable to provide enough 

time for the process [8,9]. While for the pseudo-plasticity index, a value of 0.8 – 1 is suitable 

for vacuum casting, and 0.6 – 1 is for pressure casting [4]. To obtain those ideal parameters, 

usually, additive compounds include the variety of kind and amount, in liquid content as well 

as process parameter such as temperature and mixing speed are varied. To know the detailed 

effect of those variations, zero shear viscosity (ZSV) is a promises parameter [10]. 

ZSV is a constant value at zero shears or at very low shear conditions. It describes a constant 

value of flow resistance, independent of shear rates and comes from the structure of fluid, that 

is reached after heat dissipation [11,12]. For polymers such as Hydroxy terminated 

polybutadiene (HTPB), bases of propellant liquid content, it is reported to have a correlation 

with molecular weight, chain motion, and entanglements [13-15]. For polymer mixture, it 

indicates interaction among components as well as total entanglement formed [16]. It is 

reasonable for the system of HTPB-DOA. While a system involves dispersed particles such 

as propellant slurry, ZSV can be used to monitor flocculation, of which a low value indicates 

higher flocculation [12], [13]. In addition, to evaluate the network from certain liquid content 

with the same kind of particles, the low value of ZSV comes from the low surface tension of 
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the network [19,20]. ZSV is also used as an indicator for the resistance of permanent 

deformation [11,12]. 

 

η = K. γn   (1) 

η = K. ( γ + 1 )nG  (2) 

 

Usually, the Power-law model, Equation 1, is used to obtain a value of ZSV roughly as a value 

of K by arranging it into logarithmic correlation. In those equations, γ is the shear rate, η is 

viscosity, and n is flow index with n = m + 1. However, Goh E. G and Wan Nik W. B reported 

a more accurate equation to obtain ZSV, which is EQUATION 2. In those equation, nG is 

power constant [1,21]. Concerning this reliability, it is worth knowing the compatibility of the 

Goh-Wan equation toward the liquid content composition of propellant and characterizes its 

compatibility.   

Recently, not focusing on curing agent, developed liquid content composition is HTPB-DOA 

system of which DOA plays a role as the plasticizer. The effects on flow behavior are reported. 

It is reported that the addition of DOA decreases the viscosity of both liquid content and slurry 

propellant, also longer processability time of slurry propellant [8], [9]. In addition, increasing 

DOA content increases the strength of shear thickening of the HTPB-DOA system as well as 

decreasing its general ZSV [22]. As in publications of Goh E. G and Wan Nik W. B did not 

cover a wide variety of shear-thickening liquid  [1,21], exploring the Goh-Wan model on shear 

thickening of HTPB-DOA system is valuable. 

However, in the latest publication, the range of ZSV, which is 60 – 32 P, is determined by the 

Power-law model, not Goh-Wan education. Moreover, values of n are only around 1.05 – 1.1, 

which is almost similar to each other, not sufficient for characterizing model compatibility 

[22]. Therefore, by adding more various value of n of the liquid content of propellant, this 

research aims to analyze the compatibility of the Goh-Wan model towards liquid content of 

propellant and its characterization as well as determine the limits of its application. 

METHOD 

In this work, HTPB as prepolymer and HTPB-DOA as plasticized prepolymer were the 

samples. HTPB is produced by Dalian chlorate, China. The specifications of HTPB include 

molecular weight of 2300 – 2800, a hydroxyl value of 0.81 – 1.0 mmol/g, a polydispersity of 

2.5, and a hydroxyl number of 47.1 mmKOH/g.  

In order to obtain a varied flow behavior index, effects of temperature, mixing, and plasticizer 

content are concerned. Mixing was conducted by using IKA Mechanical stirrer with anchor 

type stirrer. Detail of the samples was described in TABLE 1. 
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TABLE 1. Samples 

Group Code Materials Treatment 
A A* HTPB, DOA 5% Mixed at 60 rpm for 3 minutes 

B* HTPB, DOA 10% Same as A* 

C* HTPB, DOA 15% Same as A* 

D* HTPB, DOA 20% Same as A* 

B E HTPB - 

F HTPB Heated at 40℃ during viscosity 

measurement 

G HTPB Mixed at 60 rpm for 5 minutes, heated at 

40℃ during viscosity measurement 

H HTPB, DOA 10% Same as G 

 I HTPB, DOA 20% Same as G 

*Published data in Restasari et al. 2019 [22] 

 

Viscosity measurements were performed by using Brookfield RVT Viscometer disc spindle 

02 and a standard cup of which the instruments were reported to be suitable for low-shear 

viscosity measurement [23]. Applied rotational speeds (N) were 2, 3, 4, and 5 rpm. Regarding 

instrument specification, those speeds were converted into shear rate (γ) according to the 

method of P. Mitschka, J.L Briggs, and J.F Steffe through flow in FIGURE 1 of which kασ is a 

function of spindle number and C is a constant based on viscometer mode. For Brookfield 

RVT viscometer spindle 02,  kασ is 0.119 Pa, and constant C is 1. While, dial reading represents 

percent torque and value of kNγ based on the value of obtained slope (n) [24], [25].  

 

 

 

 

 

 

FIGURE 1. Method of converting N into γ 

 

FIGURE 2 describes the method to determine the compatibility of the model based on 

Equation 1 and 2 of which ZSV were obtained by extrapolating curves [1], [21], [23]. The 

requirement for a compatible model is a reliable value of ZSV of which ZSV is lower than the 

first experimental viscosity. The character of the use of a compatible model on samples was 

determined by plotting %△ZSV based on Equation 3 towards n from the Power-Law model 

of samples. While in determining the limit of using the compatible model, 4 sets of shear rates 

were applied; set 1 for 0.6 – 5 rpm, set 2 for 1 – 5 rpm, set 3 for 1,5 – 5 rpm, and set 4 for 2 – 

5 rpm. Those sets were used to obtain %△ZSVcomp according to Equation 4 of which η1st exp 

is measured viscosity at the lowest shear rate applied, and it was used for samples A - D.  

 

%△ZSV = ((ZSVPower Law – ZSVGoh-Wan) / ZSVPower Law ).100%  (3) 

%△ZSVcomp = ((η1st experimet – ZSVcomp) / η1st exp).100%  (4) 

n = 1 γ = 0.291.N 

σ = kασ. C. Dial Reading 

kNγ = 0.291 

log σ vs log N 
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FIGURE 2. Method to determine the compatible model. 

 

RESULT AND DISCUSSION 

Compatibility of viscosity model towards Group A 

  

(a) (b) 

FIGURE 1. (a) Plotting (shear-rate + 1) towards viscosity following the Goh-wan model where filled marks are 

for experimental values and unfilled marks are for plotted values. Color of blue, light brown, green, and purple 

are for samples of A – D, respectively. (b) Logarithmic graph of the graph (a). 

 

Group A is a set of special samples about the effect of DOA concentration from publication 

paper [22]. The novelty of this paper towards that past publication is the use of the Goh-Wan 

model, as shown in FIGURE 1 to obtain accurate ZSV that is shown as an unfilled mark in 

FIGURE 2. 

Viscosity 

measurement Samples η vs γ 

Power Law model: 

Log η = n log γ + log k 

Goh-Wan model: 

Log η = n log (γ+1) + log k 

ZSVPower-Law = k ZSVGoh-Wan = k 

ZSV < η1st experiment 

Compatible model 
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The shapes of curves in Figure 1a are slightly different from others. As a consequence, slopes 

in linear correlation in logarithmic curves of samples A - D, Figure 1b, are very similar. This 

similarity obtained by using the Goh-Wan equation is also found when using the Power-Law 

model, resulting in narrow range values of n [22], not sufficient to analyze the compatibility 

of the Goh-Wan model. 

 

FIGURE 2. Viscosity against shear rates of which unfilled mark is ZSV plotted based on Goh-Wan Model. Color 

of blue, light brown, green, and purple are for samples of A – D respectively. 

 

FIGURE 2 ultimately shows the difference value of ZSV obtained by using the Power-Law 

model and Goh-Wan equation. For all samples, it can be seen clearly that ZSV obtained from 

the Goh-Wan equation are reasonable because its value is lower than the first measured 

viscosity at around 0.5 rps. This compatibility predicts that the HTPB-DOA system is a 

generalized Newtonian fluid that can have a Newtonian plateau in the high shear rates region 

[1]. 

Compatibility of viscosity model towards Group B 

In order to complete n values of Group A samples, Group B is prepared by using the effect of 

temperature and mixing. FIGURE 3 shows plotted curves of viscosity towards shear-rate, and 

it shows that all samples have a slightly sheer thickening behavior of which viscosity increase 

with the increase of shear rate [22]. 
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FIGURE 3. Viscosity against shear rates. Color of pink, red, green, purple, and light brown are for samples of E 

– I, respectively. 

 

  

(a) (b) 

FIGURE 4. (a) Plotting (shear-rate + 1) towards viscosity following the Goh-wan model where filled marks are 

for experimental values and unfilled marks are for plotted values. Circles are for the HTPB system, and squares 

are for the HTPB-DOA system. For filled marks, pink, red, green, purple, light brown are for samples of E – I, 

respectively. For unfilled marks, green, yellow, dark green, pink, red is for samples of E - I, respectively. (b) The 

logarithmic curve of (a). 

 

 

FIGURE 5. Viscosity against shear rates of which unfilled mark is ZSV plotted based on Goh-Wan Model. Circles 

are for the HTPB system, and squares are for the HTPB-DOA system. Colour of pink, red, green, purple, light 

brown are for samples of E – I respectively. 

 

Distinguished from Group A samples, Group B shows more varied values of viscosity, n, and 

Goh-Wan plotted ZSV, accomplishing its aim of preparation. Regarding the preparation 
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method, heating applied in sample F and heating plus mixing applied in sample G have no 

significant difference. However, it has the obvious effect of decreasing viscosity, and Goh-

Wan plotted ZSV of HTPB. On the other side, unlike sample B and D in Group A samples, 

with pre-heating and pre-mixing, the twice concentration of DOA (sample H and I) exhibit 

clear, distinguishable values of n.although the value of Goh-Wan plotted ZSVs are only 

slightly different with a range only 20 – 25 Poise, shown in FIGURE 5.  

Regarding the reliability of the Goh-Wan equation, same as Group A, all values of ZSV in 

Group B samples are reasonable, neglecting different applied procedures in its preparation. It 

can be caused by its structure of which HTPB and DOA are basically a hydrocarbon, similar 

with samples used in developing Goh-Wan equation which is gelex water-based fluid, 

bentonite in gel-drilling fluid, soy, corn, canola and coconut oils [1], [21], [22], [26]. 

Therefore, all data of Group A and B can be used to characterize the Goh-Wan equation toward 

the liquid content of propellant. 

Characterization of Flow Behavior based on Goh-Wan Model 

 

FIGURE 6. Value of n from Power-Law model vs. %△ZSV. 

 

It is known that the value of ZSV, K value in EQUATION 1 and 2, depends on the value of n as a 

material character [27]. Therefore, a graph of K vs. n can be a character of a material. However, 

to be deeper, the value of K can be replaced by % △ZSV, which is the percentage of 

(ZSVPower-Law – ZSVGoh-Wan) over ZSVPower-Law, and its graph is shown in FIGURE 

6.  

In FIGURE 6, all values of n and % △ZSV from Group A and B samples, neglecting the 

compound composition, pre-heating, and pre-mixing, are plotted together as liquid content of 

propellant. As shown in FIGURE 6, those two parameters exhibit a perfectly linear correlation 

with the equation of % △ZSV = 124.74 n - 123.09. For practical use to convert ZSV from the 

Power-Law model into ZSV from the Goh-Wan model, it is re-written as ZSVGoh-Wan = 

ZSVPower-Law - ((124.74 n - 123.09) (ZSVPower-Law: 100)). This linear correlation supports DOA 

as a compatible plasticizer for HTPB because of similar solubility parameters between DOA 

and HTPB [22]. It also supports the compatibility of the Goh-Wan equation for the liquid 

content of propellant. On the other hand, regarding the range of n, it shows that the more liquid 
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content tends to be shear thickening, the more difference between ZSVPower-Law and 

ZSVGoh-Wan. It is shown briefly for sample H in FIGURE 5. 

Limitation on Applied Shear Rate 

 

 

 

 

 

 

 

 

 

FIGURE 7. (%△η1st exp and ZSV) vs. %DOA by applying shear rate set 1 (pink), set 2 (red), set 3 (blue), and 

set 4 (dark blue). 

 

As a mathematical model, the range of input variable has the potential to limit the 

compatibility of the model toward a certain material, for example, in the fluidization model of 

alumina particles of which fluid velocity affects the simulated minimum condition of 

fluidization [28]. Therefore four sets of applied shear rates are performed, resulting in 

FIGURE 7. By setting a y-axis value of 3% as the border, only set 3 and 4 that are acceptable, 

resulting in 1.5 rpm as the minimum shear rate that is supposed to be applied. 

CONCLUSION 

In this work, compatibility, characterization, and limitation of the viscosity model were 

investigated for liquid content of propellant, HTPB, and DOA. Variation of the samples 

involves mixing and heating prior to viscosity measurement and also the concentration of 

DOA. It is reported that the Goh-Wan model resulting in a more reasonable value of zero shear 

viscosity than the Power-Law model, compatible with the liquid content of propellant. Its 

compatibility is identified by a perfect linear correlation with equation of % △ZSV = 124.74 

n - 123.09. By limiting the difference between the first measured viscosity and ZSVGoh-Wan, of 

which 3% is the minimum value to be accepted, it is found that the minimum applied shear 

rate is 1.5 rpm. 
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