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Abstract. The investigational studies of regression dependence of the new 
efficient regular packing bed’s flow friction on gas velocity and liquid 
spray rate has been carried out. The tests were made by the procedure of a 
complete two-factor experiment. On account of experiment design matrix, 
there are four tests to be made to determine the regression dependence. It is 
found that the packing bed’s flow friction builds up along with increase of 
superficial gas velocity and liquid spray rate. The regression dependence 
that puts packing bed’s flow friction in touch with superficial gas velocity 
and liquid spray rate is procured. The specific dependence is valid for air 
velocity 1.21-3.12 m/sec and liquid spray rate 0.0080-0.0304 m3/(m2⋅sec). 
The conclusion on significance of regression dependencies has been made 
in terms of Student’s t-test. The sufficiency of regression equation has been 
inspected via the Fisher’s criterion. The resulting regression equation can 
be utilized in the design and engineering process of absorbers with the 
shock-spray packing. 

The patent for the invention [1] offers the new high efficiency shock-spray regular packing 
designed for mass-transfer intensification in the gas-liquid absorption process. The flow 
friction is an important hydrodynamic quality of a packing [2]. The less the flow friction is, 
the less effort is needed to compress the gas before it enters the column [3]. Thus, the 
experimental determination of regression dependence of the packing’s flow friction on gas 
velocity and liquid spray rate is important. 

Figure 1 shows the structural diagram of the shock-spray packing [4]. The packing 
presented implements the shock-spray interaction principle between gas and liquid. The 
packing consists of vertically arranged corrugated plates (1 and 2). Plate (1) is fitted with 
flat horizontal pads (3). Plate (2) has slit trenches. Also, plate (2) is perforated: the void 
cross-section of plate 2 is equal to 22%.  

 The tests to determine the regression dependence for hydrodynamic performance of the 
new packing have been made using the laboratory facility (figure 2). Packing bed faces (1) 
are made of organic glass to ensure observability. Packing bed consists of 22 identical 
contact stages. Single diamond-shaped cell (figure 1) is 0.055×0.055 m. Total packing bed 
height is 0.85 m, width is 0.195 m. There are stainless steel perforated baffles between 
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contact stages. Width of slit trenches for gas and liquid passage is 0.006 m. The equivalent 
packing diameter is 0.055 m, the void space of packing bed is 0.82.  

During the laboratory tests the flow friction has been measured using the 
micromanometer (5) (figure 2). Air and water were used as working environments during 
the tests. The tests were conducted at a pressure of 1at and working environments 
temperature of 17°С. 

 
Fig. 1. Structural diagram of the regular packing: 1,2 - plates; 3 - horizontal pad; 4 - gas flow; 5 - 
liquid flow 

The complete factorial experiment has been conducted by the procedure described in 
[5,6]. The tests were aimed to determine the regression dependence of the sprayed packing 
bed’s flow friction ∆p on the following factors: superficial gas velocity w and liquid spray 
rate U. 

Superficial gas velocity (w, m/sec) is equal to the ratio between volume gas flow rate 
(V, m3/sec) and full cross-section of a column (S, m2) [7]: 

𝑤𝑤 = 𝑉𝑉
𝑆𝑆
.                                                                      (1) 

Liquid spray rate (U, m3/(m2⋅sec)) is equal to the ratio between volume fluid flow rate 
(Vf, m3/sec) and full cross-section of a column (S, m2) [8]: 

𝑈𝑈 =
𝑉𝑉𝑓𝑓
𝑆𝑆

.                                                                    (2) 

The flow friction of the sprayed packing bed is the optimization criterion in this case. 
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Fig. 2. Laboratory facility: 1 - regular packing; 2 - air blower; 3 - tube with Pitot-Prandtl tube; 4,5 - 
micromanometer; 6 - variable-area flowmeter; 7-9 - valves; 10 - reservoir. 

 
We shall find the response function in the form of [9]: 

𝛥𝛥𝛥𝛥 = 𝑏𝑏𝑜𝑜 + 𝑏𝑏1 ⋅ 𝑤𝑤 + 𝑏𝑏2 ⋅ 𝑈𝑈 + 𝑏𝑏12 ⋅ 𝑤𝑤 ⋅ 𝑈𝑈,                                           (3) 

where ∆р is the flow friction of the sprayed packing bed that is 1m high, Pa/m. The term 
b12⋅w⋅U will be significant if conjunct influence of w and U on the optimization variable is 
not identical to their separate influence. The last term can be significant in our case since 
gas acts on the liquid distribution through the packing bed, and liquid acts on the gas 
redistribution in the packing bed section.  

As a matter of priority, we should determine each factor’s size of changing, hic est its 
lower and higher levels.  For the “superficial gas velocity” factor, its lower level is 1.21 
m/sec, and its higher level is 3.12m/sec.  For the “liquid spray rate” factor, its lower level 
will be 0.0080 m3/(m2⋅sec), and its higher level will be 0.0304 m3/(m2⋅sec). These factor 
scores are widely used during operation of commercial-scale packing-fitted equipment [10]. 
A complete factorial experiment is being conducted only for lower and higher factor levels 
[11]. 

Then we shall determine zero level (zero point) parameters (coordinates). Zero level 
parameters reside in the middle of factors’ sizes of changing. Zero level parameters in this 
case are as follows: w0 = 2.165 m/sec, U0 = 0.0192 m3/(m2⋅sec).  

Next, the factors’ variability interval is being determined: ∆w=0.955 m/sec; ∆U=0.0112 
m3/(m2⋅sec). Calculation data are tabulated in table 1. 
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Table 1. Layout of experiment, main parameters 

Parameter Superficial gas velocity, 
m/sec 

Liquid spray rate, 
m3/(m2⋅sec) 

Zero level 2.165 0.0192 
Variability interval  0.955 0.0112 
Higher level 3.12 0.0304 
Higher level (encoded 
variables) +1 +1 

Lower level 1.21 0.008 
Lower level (encoded 
variables) -1 -1 

 
Next, we embed intermediate (encoded) variables and tabulate their values in table 1: 

𝑋𝑋1 = 𝑤𝑤−𝑤𝑤0
𝛥𝛥𝛥𝛥

   and  𝑋𝑋2 = 𝑈𝑈−𝑈𝑈0
𝛥𝛥𝛥𝛥

                                                 (4) 

In the process of a complete factorial experiment all parameters vary on two levels that 
conform with the encoded variables’ values +1 and -1.In this case, the experiment is being 
conducted at gas velocity 1.21 m/sec (-1) and 3.12 m/sec (+1), liquid spray rate 0.0080 
m3/(m2⋅sec) (-1) and 0.0304 m3/(m2⋅sec) (+1). 

In view of encoded variables the sought for regression equation will be as follows: 

𝛥𝛥𝛥𝛥 = 𝐵𝐵𝑜𝑜 + 𝐵𝐵1 ⋅ 𝑋𝑋1 + 𝐵𝐵2 ⋅ 𝑋𝑋2 + 𝐵𝐵12 ⋅ 𝑋𝑋1 ⋅ 𝑋𝑋2.                                     (5) 

Table 2 shows experimental conditions of the complete two-factor experiment for the 
evaluation of the sprayed packing bed’s flow friction. Columns 2 and 3 of table 2 are the 
experiment design matrix.  

Table 2. The complete two-factor experiment 

Test No, i Factors Optimization 
criterion, ∆рi, Pa/m X1 X2 w,m/sec U,m3/(m2⋅sec) 

1 2 3 4 5 6 
1 -1 -1 1.21 0.008 182.2 
2 +1 -1 3.12 0.008 1285.3 
3 -1 +1 1.21 0.0304 213.0 
4 +1 +1 3.12 0.0304 1335.0 

 
The following principles were respected in the construction of complete factorial 

experiment matrix (columns 2 and 3 of table 2) [12]: 
1. The variability levels of the first factor X1 are being interchanged from test to test. 
2. The interchange frequency of variability levels of each consecutive factor is half as 

much as the former’s. 
The total amount of tests in the design matrix: 

𝑁𝑁 = 2𝑛𝑛,                                                           (6) 

where n is the amount of factors. In the complete two-factor experiment the total amount of 
tests will be N=4. 

The method of procedure has been as follows. The desired air flow rate has been 
adjusted with gas blower (2), valve (9) and differential pressure gage (4) (figure 2). The air 
flow rate (m3/sec) is estimated using readings of the micromanometer (4) fitted on the Pitot-
Prandtl tube by the equation from publication [13]: 
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𝑉𝑉𝐴𝐴 = 𝑆𝑆 ⋅ 𝛼𝛼 ⋅ �20⋅𝑘𝑘𝜌𝜌⋅𝛥𝛥𝑝𝑝10⋅𝑘𝑘𝑇𝑇⋅𝑘𝑘𝑃𝑃
𝜌𝜌𝐴𝐴

�
0,5

,                                         (7) 

where α is the field of velocities factor; S is the sectional area, m2; ∆р10 is the Pitot-Prandtl 
tube micromanometer gage readings; kρ is the alcohol density ratio; kТ is a correction factor; 
ρA is an air density at operating conditions, kg/m3; kP is the slope ratio of the alcohol 
micromanometer tube. 

Next, the packing bed (1) (figure 2) is being sprayed. Thereat, the packing bed (1) 
micromanometer gage (5) readings are being collected. Later, the liquid flow and spray 
rates are being changed with the valve (7), and the correspondent readings of pressure drop 
in the packing bed are being collected as well.  

Column 6 of table 2 shows the results of experimental determination of the optimization 
criterion - the flow friction of the sprayed packing bed for every experimental condition.  

Regression coefficients have been estimated using the following formulae from [14]: 

𝐵𝐵0 = ∑ 𝛥𝛥𝑝𝑝𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁

= 1
4
⋅ (182,2 + 1285,3 + 213,0 + 1335,0) = 753,9                          (8) 

𝐵𝐵1 = ∑ 𝑋𝑋1𝑖𝑖⋅∆𝑝𝑝𝑖𝑖
𝑁𝑁
𝑖𝑖=1

𝑁𝑁
= 1

4
⋅ (−182,2 + 1285,3 − 213,0 + 1335,0) = 556,3                   (9) 

𝐵𝐵2 = ∑ 𝑋𝑋2𝑖𝑖⋅∆𝑝𝑝𝑖𝑖
𝑁𝑁
𝑖𝑖=1

𝑁𝑁
= 1

4
⋅ (−182,2 − 1285,3 + 213,0 + 1335,0) = 20,1                    (10) 

𝐵𝐵12 = ∑ 𝑋𝑋1𝑖𝑖⋅𝑋𝑋2𝑖𝑖⋅∆𝑝𝑝𝑖𝑖
𝑁𝑁
𝑖𝑖=1

𝑁𝑁
= 1

4
⋅ (182,2 − 1285,3 − 213,0 + 1335,0) = 4,7                 (11) 

Next, the coefficient significance is being determined, as some of coefficients could 
appear small to negligible. If the error of estimation of the regression coefficient is large 
while the coefficient itself is small, then such coefficient could probably be ignored [15-
17]. 

To determine the coefficient significance, it is essential to estimate the deviation (an 
error) of its determination: 

𝑠𝑠𝑏𝑏2 = 𝑠̄𝑠𝑦𝑦2

𝑁𝑁
,                                                          (12) 

where 𝑠̄𝑠𝑦𝑦2 is the average deviation of optimization criterion. The results of the flow friction 
of the sprayed packing bed deviation estimation are shown in table 3. The deviation has 
been estimated using the equation: 

𝑠𝑠𝑦𝑦𝑦𝑦2 =
∑ �𝛥𝛥𝑝𝑝𝑗𝑗𝑗𝑗−𝛥𝛥𝑝̄𝑝𝑖𝑖�

2𝑛𝑛
𝑖𝑖=1

𝑘𝑘−1
.                                                (13) 

Table 3. The results of the flow friction of the sprayed packing bed deviation estimation (test 
numbers are same as in table 2) 

Test No, i 
Parallel measurements results ∆р, 

Pa/m Arithmetic mean ∆͞р, 
Pa/m Deviation, syi

2 

I II 

1 175.0 189.4 182.2 103.68 

2 1276.6 1294.0 1285.3 151.38 

3 205.0 221.0 213.0 128.00 

4 1326.0 1344.0 1335.0 162.00 
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The average deviation for table 3 data will be: ͞sy
2=136.27. 

The number of degrees of freedom is related to the average deviation s͞y
2 : 

𝑓𝑓 = 𝑁𝑁 ⋅ (𝑘𝑘 − 1) = 4 ⋅ (2 − 1) = 4,                                    (14) 

where N is the number of tests in the complete factorial experiment; k is the number of 
parallel tests. 

The error of estimation of the regression coefficient is determined via:  

𝑠𝑠𝑏𝑏 = �𝑠̄𝑠𝑦𝑦2

𝑁𝑁
= �136,27

4
= 5,84.                                                (15) 

As found in [6], the Student’s t-test value for the probability belief P=0.95 and 4 
degrees of freedom is t=2.78. 

To estimate the significance of the regression coefficients, it is essential to compare 
coefficients with the product of sb⋅t. It is customary to assume that the regression coefficient 
is significant if the requirement is fulfilled: 

|𝐵𝐵| ≥ 𝑠𝑠𝑏𝑏 ⋅ 𝑡𝑡.                                                              (16) 

If not, the regression coefficient is negligible and the corresponding term of the 
regression equation can be ignored.  

Let’s compare: 

|𝐵𝐵0| = 753,9 > 𝑠𝑠𝑏𝑏 ⋅ 𝑡𝑡;                                                               (17) 
|𝐵𝐵1| = 556,3 > 𝑠𝑠𝑏𝑏 ⋅ 𝑡𝑡;                                                               (18) 
|𝐵𝐵2| = 20,1 > 𝑠𝑠𝑏𝑏 ⋅ 𝑡𝑡;                                                                 (19) 

|𝐵𝐵12| = 4,7 < 𝑠𝑠𝑏𝑏 ⋅ 𝑡𝑡.                                                                  (20) 

Hence, all the regression coefficients except В12 are significant. Thus, the last term 
В12⋅Х1⋅Х2 of the regression equation (5) can be ignored and the encoded variables regression 
equation will be as follows: 

𝛥𝛥𝛥𝛥 = 753,9 + 556,3 ⋅ 𝑋𝑋1 + 20,1 ⋅ 𝑋𝑋2.                                      (21) 

Having deduced the regression equation, it should be checked for sufficiency, i.e. the 
ability to match well enough with the test results [18-20]. 

To check the regression equation (21) sufficiency, let’s find estimated values of the 
response function: 

𝛥𝛥𝑝𝑝1
р = 753,9 + 556,3 ⋅ (−1) + 20,1 ⋅ (−1) = 177,48 Pa                 (22) 

𝛥𝛥𝑝𝑝2
р = 753,9 + 556,3 ⋅ (+1) + 20,1 ⋅ (−1) = 1290,03 Pa                (23) 

𝛥𝛥𝑝𝑝3
р = 753,9 + 556,3 ⋅ (−1) + 20,1 ⋅ (+1) = 217,73 Pa                 (24) 

𝛥𝛥𝑝𝑝4
р = 753,9 + 556,3 ⋅ (+1) + 20,1 ⋅ (+1) = 1330,28 Pa               (25) 

Next, we will estimate the sufficiency deviation via: 
𝑠𝑠𝑠𝑠𝑠𝑠2 = 1

𝑁𝑁−𝐶𝐶
∑ (𝛥𝛥𝑝𝑝𝑖𝑖𝑒𝑒 − 𝛥𝛥р𝑖𝑖𝑐𝑐)𝑁𝑁
𝑖𝑖=1

2 =       1
4−3

⋅

 �(182,2 − 177,48)2 + (1285,3 − 1290,03)2 +
+(213 − 217,73)2 + (1335 − 1330,28)2 � = 89,3,               (26) 

where C is the amount of regression coefficients of the sought equation including the 
intercept term as well; N is number of tests of the complete factorial experiment; ∆рi

e and 
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∆рi
c are respectfully the experimental and calculated values of the response function in the 

i-th test. 
The number of degrees of freedom is related to the sufficiency deviation: 

𝑓𝑓𝑠𝑠𝑠𝑠 = 𝑁𝑁 − 𝐶𝐶 = 1.                                                        (27) 

The regression equation can be sufficient if the requirement is fulfilled: 

𝐹𝐹𝑒𝑒 < 𝐹𝐹,                                                                 (28) 

where tabular Fisher’s criterion F=230.16 (from [6]), and Fe is the estimated Fisher’s 
criterion. 

The estimated Fisher’s criterion is the following ratio: 

𝐹𝐹𝑒𝑒 = 𝑚𝑚𝑚𝑚𝑚𝑚�𝑠𝑠𝑠𝑠𝑠𝑠
2 ;𝑠̄𝑠𝑦𝑦2�

𝑚𝑚𝑚𝑚𝑚𝑚�𝑠𝑠𝑠𝑠𝑠𝑠
2 ;𝑠̄𝑠𝑦𝑦2�

= 136,27
89,3

= 1,53.                                    (29) 

As is obvious, the requirement (28) is fulfilled. Ergo, the regression equation (21) 
sufficiently matches with the test results. 

By substituting equations (4) in regression equation (21) we will turn encoded variables 
into natural variables. The regression equation with natural variables will be as follows: 

𝛥𝛥𝛥𝛥 = −541,7 + 582,5 ⋅ 𝑤𝑤 + 1796,9 ⋅ 𝑈𝑈,                          (30) 

because of: 

𝑏𝑏0 = 𝐵𝐵0 −
𝐵𝐵1⋅𝑤𝑤0
𝛥𝛥𝛥𝛥

− 𝐵𝐵2⋅𝑈𝑈0
𝛥𝛥𝛥𝛥

= −541,7;                                 (31) 

𝑏𝑏1 = 𝐵𝐵1
𝛥𝛥𝛥𝛥

= 582,5;                                                 (32) 

𝑏𝑏2 = 𝐵𝐵2
𝛥𝛥𝛥𝛥

= 1796,9.                                                (33) 

As can be seen from the above, the experimentally deduced regression equation (30) can be 
used to estimate the flow friction of the sprayed packing bed in the range of superficial gas 
velocity 1.21-3.12 m/sec and liquid spray rate 0.0080-0.0304 m3/(m2⋅sec). Given equation 
is destined to be utilized in the design and engineering process of absorbers with the shock-
spray packing. 
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