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 الملخص 
لى وفعالية يتضمن البحث دراسة تأثير الاهتزازات الميكانيكية على خصائص انتقال الحرارة من حيث معامل انتقال الحرارة، معامل انتقال الحرارة الك  

لمبادل حراري لوحي مجهز بمانع تسريب موضوع رأسيا وذو سريان عكسي. والمبادل الحراري مكون من ألواح من الفولاذ المقاوم المبادل الحراري وذلك 

يتكون من ستة ألواح  ل. والمباد1.17جميع ألواح المبادل قيمته ( لФدرجة ومعامل التكبير السطحي ) (β=30) للصدأ ذات تعاريج تميل بزاوية شيفرون

الحراري ث يمر المائع الساخن في قناتين والمائع البارد في ثلاثة قنوات وفي ترتيب ذو سريان عكسي.  تمت دراسة تأثير الاهتزازات على المبادل يبح

( eD/Aوسعة اهتزاز ) دورة /ثانية، 746.6إلى  13.33( من ωومقارنته مع حالة عدم وجود الاهتزازات.  والاهتزازات المستخدمة بالدراسة ذات تردد )

( متعددة. وأظهرت النتائج أن الاهتزازات تحسن انتقال الحرارة وأداء المبادل الحراري. oscRe، وذلك عند أرقام رينولدز )52.66*10-3إلى 9.14*10-3من 

 %18و %31، %43لكلي وفعالية المبادل الحراري اللوحي هي كما بينت النتائج أن أكبر نسبة تحسين في معامل انتقال الحرارة، معامل انتقال الحرارة ا

بعد حدوث حالة الرنينن. تمت دراسة أداء المبادل الحراري قبل وبعد حالة الرنين. وتم  eD/A= 52.66*10-3و oscRe=211.34على الترتيب، وذلك عند 

 %. 3.99( في حالة وجود وعدم وجود الاهتزازات ميكانيكية بخطأ مقبول نسبته GPHEاستحداث معادلات جديدة لرقم ناسلت للمبادل الحراري )
 

ABSTRACT 

Heat transfer characteristics in terms of heat transfer coefficient, overall heat transfer coefficient and heat exchanger 

effectiveness of a vertical counter flow Gasket plate heat exchanger (GPHE) are experimentally investigated. The tested 

PHE is made of stainless-steel plates with 30° chevron angle (β=30°). The surface enlargement factor, Ф for all plates 

was 1.17. Six plates were installed; providing two hot channels and three cold channels in counter flow arrangement. 

The vibration effect on tested GPHE has been performed and compared with non-vibration model. Vibration frequencies 

(ω) are in the range of 13.33 to 46.67 cps and vibrational dimensionless amplitude (A/De) varied from 9.14*10-3 to 

52.66*10-3 at various oscillating Reynolds numbers were employed. It is found that the heat transfer performance of the 

GPHE is enhanced when vibration is applied. The maximum enhancement percentage of the GPHE heat transfer 

coefficient, overall heat transfer coefficient and effectiveness due to vibration are 43%, 31% and 18%, respectively. 

These maximums are occurred at oscillation Reynolds number of 211.34 and A/De = 52.66*10-3 which after the 

resonance condition. The GPHE performance after and before resonance condition are obtained. Finally, correlations 

for GPHE Nusselt number, when vibration is and is not applied, are obtained with an acceptable error of 3.99%. 
 

Keywords: Mechanical vibration, gasket plate heat exchanger, Heat transfer enhancement. 
 

1. Introduction 
Heat exchangers are used in different processes like 

condensation, boiling, and conversion, utilization and 

recovery of thermal energy. Also, they are used in huge 

amount of applications, which include thermal power 

stations, sensible heating and cooling in thermal 

processing of chemical, pharmaceutical and agricultural 

products etc. [1]. A recent report of the IEA (International 

Energy Agency) [2] said  

that heat represents 47% of the world’s final energy 

consumption compared with 17% for 

 

electricity, 27% for transport and 9% for ‘non-energy use. 

Knowing that 81% of the production of electricity comes 

essentially from heat and, almost 100% for transport, the 

efficiency of thermal processes is a key parameter in the 

energy economy. Increase in heat transfer enhancement 

can lead to more economical design of heat exchanger, 

which can help to make energy, material and cost savings 

related to a heat exchange process. GPHE have won 

increasing interest during the last two decades. This is 

primarily because the methods of manufacturing the plate 

corrugation patterns of these heat exchangers are 

continuously in development. Initially, the gasket plate-

and-frame type heat exchanger offers very good heat 

transfer performance in single phase flow as well as in 

evaporation and condensation. Other advantages of plate 

heat exchangers are; the small hydraulic diameters, the 

extremely compact design and the efficient use of the 
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construction material [3, 4]. Finally, GPHE cleaning and 

maintenance is easy, and led to increase its efficiency and 

eliminate its fouling problem, which included in more 

than 90% of the others heat exchangers [5].  

Generally, heat exchanger enhancement techniques can 

be classified broadly as passive and active techniques. 

Passive techniques do not require direct input of external 

power [6]. This method generally uses surface or 

geometrical modifications to the flow channel, or 

incorporates an inserts, material, or additional device. In 

the case of active techniques, the addition of external 

power essentially facilitates, the desired flow 

modification and the concomitant improvement in the 

rate of heat transfer's surface vibration is one of the active 

techniques, which has been considered by researchers for 

heat transfer enhancement. Surface vibrations increase 

turbulence intensity in boundary layer and hence fluid 

mixing which enhance the heat transfer performance. 

Many researchers studied experimentally the effect of 

vibration of equipment on the heat transfer. Penney and 

Jefferson [7] investigated experimentally the effect of the 

direction of vertical or horizontal oscillation (vibrated at 

low frequencies and large amplitudes) on the heat transfer 

coefficient of horizontal platinum wire in water and 

ethylene glycol. They found that heat transfer coefficient 

for vertical oscillation was higher than that for horizontal 

oscillation. The effect of vibration on natural convection 

heat transfer for a horizontal cylinder was studied by 

Lemlich and Rao [8]. They noted that as the amplitude 

and frequency of vibration were increased, the 

convective heat transfer coefficient was increased by up 

to ten times.  Also, Dawood et al. [9] studied the effect of 

vertical vibrations on the free convection heat transfer for 

a horizontal cylinder in air. They concluded that the ratio 

between vibrational heat transfer coefficient and 

conventional (non-vibrational) heat transfer coefficient 

was linearly increased with vibration frequency. The heat 

transfer coefficient could be triple if vibrations was 

applied. Faircloth and Schaetzle [10] investigated 

experimentally the effect of vibration on the forced 

convection heat transfer coefficient. A chromax 40 gauge 

wires were vibrated in a horizontal plane by a sinusoidal 

current and simultaneously exposed to a forced air 

current in the same plane. The frequency and amplitude 

of the wire varied within the range 20 to 40 Hz and 0.3 to 

0.5 in, respectively. Their results revealed that the 

instantaneous convective coefficient was increased from 

20 to 30 percent if Reynolds number is more than its 

critical value. Saxena and Laired [11] described the effect 

of transverse oscillation on local heat transfer coefficient 

for a cylinder supported in a vertical position in open 

water channel. They found that both vibration amplitude 

and frequency were nearly equally contributed for 

increasing the local heat transfer coefficient. The increase 

in local heat transfer coefficient was about 50 to 60 

percent and was occurred at the higher frequencies and 

amplitudes. Hsieh and Marsters [12] performed an 

experiment on a vibrating array of five identical heated 

cylinders. The vibrating array showed an increase in heat 

transfer rate of up to 54% for a range of vibration 

intensities from zero to 0.61. Eshghy et al. [13] obtained 

free convection heat transfer coefficient for a vertical 

plate subjected to oscillation. They showed a decrease in 

heat-transfer rate at low amplitudes vibrations. They 

concluded that for higher amplitudes, the increase in heat 

transfer was due to the change in the flow pattern. Finally, 

they found that the local vibrational Reynolds number 

must be higher than the local Grashof number to increase 

the heat transfer rate. Prasad and Ramanathan [14] 

studied experimentally the effect of longitudinal 

oscillations on the free convective heat transfer 

coefficient for a hot vertical plate. In this experiment, the 

frequencies ranging was from 10 to 20 cps at an 

amplitude of 0.25 in., while the plate temperatures were 

varying from 100 to 200 F. They showed that the 

vibration caused a significant increase in steady rate of 

heat transfer especially at low Rayliegh number. They 

found also that the maximum increase in heat transfer rate 

was 33%. The influence of vibration on heat transfer for 

different geometries was conducted [15-19].  Saleh [15] 

studied the effect of vibration on heat transfer for V-

shaped grooves and square-shaped grooves corrugated 

plate. He found that the vibration was a powerful 

enhancement tool, where vibration increased the heat 

transfer rate by more than 2.5-fold. Eid and Gomaa [16] 

investigated the effect of vibration on heat transfer rate 

for thin planar fins. They found that the augmentation in 

rates of heat transfer reached 85% or more via normal 

vibration. Sarhan [17] conducted the investigation of the 

influence of vibration on the free convection performance 

for longitudinally finned plate. He reported a good 

enhancement in the heat transfer rate when vibrations 

were applied. Klaczak [18] carried out investigations 

concerns with the effect of vibrations on a horizontal 

steam-water heat exchanger. The vibration was in the 

same direction of the steam-water flow. The frequency 

was from 20 to 120 Hz and the amplitude was from 0.2 

to 0.5 mm. He clarified that the vibrations with high 

acceleration improve heat transfer in general. To avoid 

any damage in the construction of the equipment, the 

used frequency should away from the resonance 

frequency. Chatter and Sandeep [19] investigated the 

effect of vibration on a horizontal rectangular heat 

exchanger with five triangular baffles inclined at fixed 
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angle of 20˚ along the channel. The experiment was done 

on three different vibration intensities.  Their results 

found that the overall heat transfer coefficient, U, showed 

the maximum increase of 70%. The maximum 

effectiveness of 60.37% was found on vibration level of 

6.5. In the present study, a novel study about the effect of 

surface vibrations on the heat transfer coefficient of a 

GPHE is examined.  

The present work is directed to study the effects of a low 

amplitude mechanical vibration under different working 

operating conditions on the performance characteristics 

of single-phase water flow inside a GPHE. 
 

2. Experimental work 
An Alfa Laval Model (S O5VW) GPHE with commercial 

chevron plates as shown in Fig. 1 is used. The plate is 

made of stainless steel with chevron angle of 30˚. It has 

six plates, providing two hot channels and three cold 

channels in counter flow arrangement. Six independent 

immersion heaters, 3 kW, are used to heat the water 

inside a 100 liters insulated tank. On/off switch and a 

digital thermostat are used to make a control on the hot 

temperature to be within ±1˚C deviation. For cold side, 

the municipal water is used. The amount water flow rate 

(hot or cold) is adjusted by two manually controlled 

valves. A 370 W with 2850 rpm pump was utilized to 

circulate the hot water. Rotameters, model LZM-25G, 

with an accuracy of ± 0.04 were used to measure the hot 

and cold-water volume flow rates. The hot water tank and 

piping, are well insulated by polyurethane foam and 

aluminum foil. A schematic diagram of the full test rig is 

shown in Fig.2. 

Vibrations are generated by means of a grinding motor 

(350 W). The grinding wheel spindle is mounted on a 

sub-assembly, which is attached to the rigid platform by 

means of flexures which inhibit movement of the sub-

assembly in all other directions. The grinding machine 

rigid platform is attached to the GPHE’s platform. 

Variable speed AC inverter is used to regulate the motor 

rotational speed and hence vibration intensity. 

Temperature measurements are obtained by using J-type 

calibrated thermocouples (± 0.1 K) and 8 channels USB 

Data Acquisition Module. The thermocouples are located 

at GPHE inlets and outlets. Different vibrations 

frequency and amplitude are used to find their effect on 

heat transfer performance. Two-channel one Prod MVP-

2C accelerometer is used to detect vibration dynamic 

response and vibration excitation displacement at three 

positions on the tested GPHE as shown in Fig. 3. Flexible 

connections were used for connecting the GPHE that 

subjected to vibration (oscillation) with the measuring 

sensors and the hot and cold-water loops in order to 

reduce transmission of vibration to the measuring devices 

and sensors. To start the system, the two circulating 

pumps are switched on. The used amount of water heaters 

is determined according to the required or designed 

temperature of hot water. The hot water inlet temperature, 

set using a thermostat, is approximately constant at 65 ˚C 

during all experiments. 

 

 

Fig. 2 Schematic diagram of the test rig with instrumentation.  
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2.1 Experimental uncertainty 

Let wR be the uncertainty in the results and w1, w2, w3,…, 

wn be the uncertainties in the independent variables. If the 

uncertainties in the independent variables are all given with 

the same odds, then the uncertainty in the results having 

these odds is given by the following equation [20]: 

𝒘𝑹 = [( 
𝝏𝑹

𝝏𝑿𝟏
𝒘𝟏)

𝟐

+ ( 
𝝏𝑹

𝝏𝑿𝟐
𝒘𝟐)

𝟐

+. . . . ( 
𝝏𝑹

𝝏𝑿𝒏
𝒘𝒏)

𝟐

]

𝟎.𝟓

(𝟏) 

The experimental error analysis for all used working 

parameters is calculated by using Holman’s method [20]. 

It is found that uncertainty analysis for Reynolds number, 

overall heat transfer coefficient, heat exchanger 

effectiveness and vibrational Nusselt number are ±3.22, 

±3.85, ±4.89 and ±3.99 respectively, which are within the 

agreeable range. 

Fig. 

1. Basic geometric characteristics of chevron plate. 

 

Fig. 3 Vibration Sensors locations 
 

 

3. Governing equations and calculation 

procedure. 

The heat exchanger capacity for hot and cold side may be 

calculated as follows: 

 

�̇�𝒉 = �̇�𝒉𝒄𝒑𝒉
(𝒕𝒉𝒊 − 𝒕𝒉𝒐) (2) 

 �̇�𝒄 = �̇�𝒄 𝒄𝒑𝒄
(𝒕𝒄𝒐 − 𝒕𝒄𝒊) (3) 

Ideally, the rate of heat lost from hot fluid,�̇�𝒉, should be 

equal to the rate of heat gained to cold fluid,�̇�𝒄 but actually 

they do not. This is due to heat losses to the surroundings 

or the measurement uncertainty. In the present 

experimental work, about only 5.4% maximum deviation 

is observed from calculations. The average heat transfer 

rates for the hot and cold is used: 

 

�̇�𝒂𝒗 =
�̇�𝒉  +  �̇�𝒄

𝟐
= 𝑼 𝑨 𝑻𝑳𝑴𝑻𝑫 (4) 

The log mean temperature difference,  𝑇𝐿𝑀𝑇𝐷 for counter 

flow arrangement and the effective area, 𝑨𝟏, can be 

calculated as [21]: 

 

𝑻𝑳𝑴𝑻𝑫 =
(𝒕𝒉𝒊 − 𝒕𝒄𝒐) − (𝒕𝒉𝒐 − 𝒕𝒄𝒊)

𝑳𝒏((𝒕𝒉𝒊 − 𝒕𝒄𝒐)/(𝒕𝒉𝒐 − 𝒕𝒄𝒊))
 (5) 

 

𝑨𝟏 = 𝑳𝒑. 𝑳𝒘. Ф. 𝑵𝒆𝒇𝒇   (6) 

From the previous equations, the overall heat transfer 

coefficient is obtained. The channel flow Reynolds number 

for GPHE is defined as: 

 
𝑹𝒆 = (

𝑮. 𝑫𝒆

𝝁
) (7) 

Where De is the equivalent diameter (De =2*b), and G is 

the channel mass velocity may obtain as follows [21]:  

 

𝑮 = (
�̇�

𝑵𝒄.𝒑. 𝒃. 𝒘
) (8) 

The number of channel per pass, Nc.p is calculated as follow 

[22] 

 

𝑵𝒄.𝒑 = (
𝑵𝒕 − 𝟏

𝟐. 𝑵𝒑
) (9) 

The experimental Nusselt number as a function of the 

Reynolds number, the Prandtl, number and the ratio of the 

dynamic viscosities at bulk to wall temperature could be 

calculated as follow: [22]. 

 𝑵𝒖 = 𝑪𝟏 · 𝑹𝒆𝑷 · 𝑷𝒓
𝟏

𝟑 (
𝝁

𝝁𝒔
)

𝟎.𝟏𝟒
                 (10) 

For the cold fluid, the convective heat transfer coefficient 

may be calculated as follow [23]: 

 

𝒉𝒄 = 𝑪𝟏 · 𝑹𝒆𝒄
𝑷 · 𝑷𝒓𝟏/𝟑 (

𝝁

𝝁𝒔
)

𝑪

𝟎.𝟏𝟒

.
𝑲𝒄

𝑫𝒆
 (11) 

21

3

Grinding Wheel Motor 

Vibration sensor 

locations
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Where the coefficient 𝑪𝟏 and 𝑷 are constant and the value 

coefficient, 𝑷, is between 0 and 1 [23]. The modified 

Wilson plot technique [24] was used in order to find the 

coefficient 𝑪𝟏, 𝑷, and the hot convective heat transfer 

coefficient by using MATLAB computer code. This done 

after calculating the overall heat coefficient, for cleaning 

surfaces as follow:  

 

 
𝟏

𝑼
=

𝟏

𝒉𝒉
+

𝒕

𝒌𝒘
+

𝟏

𝒉𝒄
 (12) 

The effectiveness (ε) and effectiveness enhancement ratio, 

/o, of the GPHE can be calculated as follow: 

𝜺 =
𝑪𝒉(𝒕𝒉𝒊 − 𝒕𝒉𝒐)

𝑪𝒎𝒊𝒏(𝒕𝒉𝒊 − 𝒕𝒄𝒊)
=

𝑪𝒄(𝒕𝒄𝒐 − 𝒕𝒄𝒊)

𝑪𝒎𝒊𝒏(𝒕𝒉𝒊 − 𝒕𝒄𝒊)
 

(13) 

𝜺

𝜺𝟎

=
𝑮𝑷𝑯𝑬 𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒏𝒆𝒔𝒔 𝒘𝒊𝒕𝒉 𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏

𝑮𝑷𝑯𝑬 𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒏𝒆𝒔𝒔 𝒘𝒊𝒕𝒉 𝒐𝒖𝒕 𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏
 

(14) 

When vibration is applied the Reynolds number oscillation 

(Reosc), may be calculated as follow: 

𝑹𝒆𝒐𝒔𝒄 = (𝑨. 𝝎. 𝑫𝒆)/(𝝁/𝝆) 
(15) 

The product (A*ω) is called vibration intensity. The 

geometrical parameter known as the dimensionless 

oscillation amplitude (A/De), is the ratio of the vibration 

amplitude to the GPHE channel equivalent diameter.  
 

4. Results and discussion 

In the present study, the effect of surface vibrations on the 

heat transfer coefficient of a GPHE is examined.  

 

4.1. GPHE Nusselt number without vibration 

Fig. 4 and Table 1 illustrate the relation between Nusselt 

number and Reynolds number for GPHE for present work 

and previous works [25 to 28]. It could be seen from this 

Fig. that, Nusselt number value increases as the flow 

Reynolds number increases. The Nusselt number behavior 

for the tested GPHE is similar that for all previous work. 

Although all the compared GPHE have similar corrugation 

inclination angle (β=30◦), height and wavelength of the 

corrugations are different which lead to a slight difference 

between the result's values. Another reason for these 

differences is that the numbers of hot and cold channel are 

as well different [28]. 

 

Fig. 4 Comparison between present work Nusselt 

number with previous work Nusselt number 

 

Table (1) The present correlation for Nusselt number 

and the similar correlations from the literature. 

Ref. Correlation Re range 

Present 

correlation 
𝑵𝒖 = 𝟎. 𝟎𝟒𝟐 · 𝑹𝒆𝟎.𝟕𝟗𝟏 · 𝑷𝒓

𝟏

𝟑 (
𝝁

𝝁𝒘

)
𝟎.𝟏𝟒

 300-3000 

Okada et al. 

[27] 
𝑵𝒖 = 𝟎. 𝟏𝟓𝟐𝟖 · 𝑹𝒆𝟎.𝟔𝟔 · 𝑷𝒓𝟎.𝟒 400-15000 

Akturk et al. 

[25] 
𝑵𝒖 = 𝟎. 𝟑𝟐𝟔𝟕𝟑 · 𝑹𝒆𝟎.𝟔𝟏𝟐𝟓 · 𝑷𝒓

𝟏

𝟑 (
𝝁

𝝁𝒘

)
𝟎.𝟏𝟒

 450-5250 

Khan et al. 

[28] 
𝑵𝒖 = 𝟎. 𝟏𝟑𝟔𝟖 · 𝑹𝒆𝟎.𝟕𝟒𝟐𝟒 · 𝑷𝒓𝟎.𝟑𝟓 (

𝝁

𝝁𝒘

)
𝟎.𝟏𝟒

 500-2500 

Kumar H. 

[26] 
𝑵𝒖 = 𝟎. 𝟑𝟒𝟖 · 𝑹𝒆𝟎.𝟔𝟔𝟑 · 𝑷𝒓

𝟏

𝟑 (
𝝁

𝝁𝒘

)
𝟎.𝟏𝟕

 >10 

 

4.2 GPHE Nusselt number correlations with 

vibration  

An attempt is made to correlate the results was obtained 

from the MATLAB software by using the Wilson plot 

technique for determining the vibrational Nusselt number 

correlation constant 𝑪𝟏  and index  𝑷 . The results are as 

follows: 

𝑪𝟏 = 𝟎. 𝟎𝟒𝟐 − 𝟐. 𝟏 ∗ 𝟏𝟎−𝟒. 𝐑𝐞𝐨𝐬𝐜
𝟎.𝟓𝟑𝟏 · (

𝐀

𝐃𝐞

)
−𝟎.𝟔𝟎𝟓

(𝟏𝟔) 

𝐏 = 𝟎. 𝟕𝟗𝟏 + 𝟏. 𝟖𝟖𝟑 ∗ 𝟏𝟎−𝟒. 𝐑𝐞𝐨𝐬𝐜
𝟎.𝟕𝟓𝟑

· (
𝐀

𝐃𝐞

)
−𝟎.𝟖𝟒𝟔

(𝟏𝟕) 

Fig. 5 illustrates the relation between the coefficient 𝑪𝟏 

and index𝑷 as a function of Reynolds number oscillation 

(Reosc) at constant (A/De) = 0.03. It could be noted that as 

Reynolds number oscillation (Reosc) increases, the value of 

index 𝑷  increases and the value of coefficient 𝑪𝟏 

decreases. Fig. 6 illustrates the relation between the 

coefficient 𝑪𝟏 and index 𝑷 as a function of dimensionless 

oscillation amplitude (A/De) at constant Reynolds number 

oscillation (Reosc) =100. It could be noted that as 

dimensionless oscillation amplitude (A/De) increases, the 

value of coefficient 𝑪𝟏increases and the value of index 𝑷 
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decreases. From both Figs. 5 and 6, it could be deduced 

that with the increase of both vibration amplitude and 

frequency the heat transfer performance of the vibrated 

PHE was enhanced but with increasing the vibration 

frequency and decreasing the vibration amplitude the heat 

transfer enhancement is decreased. The best enhancement 

occurs when the vibration amplitude increased where the 

vibration frequency decreased. Fig. 7 illustrates the relation 

between vibration amplitude, vibration frequency, and 

grinding motor speed. It could be noted from this figure 

that vibration amplitude is directly proportional to 

vibration frequency and grinding motor speed until 

resonance condition is occurred, and then turns to inversely 

proportional. The resonance condition occurs at the 

maximum vibration amplitude (at 1690 rpm and Reosc of 

209.34) and vibration natural frequency ɷn= 28.3 cps. 

Fig. 8 shows the relation between heat transfer coefficient 

enhancement ratio and oscillation (Reosc) with 800 to 1800 

rpm. It is observed generally that the heat transfer 

coefficient, h increases as oscillation Reynolds number 

increases. The heat transfer coefficient for oscillating 

GPHE is higher than that for stationary one. Moreover, 

heat transfer enhancement ratio increases as Reynolds 

number oscillation increases. The maximum heat transfer 

enhancement ratio occurs at Reosc = 211.34, which has 

vibration amplitude (A/De) of 52.66*10-3. The value of this 

vibration amplitude is just after its value for resonance 

condition, as shown in Fig.7. 

It could be noted from Fig. 8 also that at Reosc = 211.34, the 

heat transfer coefficient for vibrating GPHE could be 

higher than that for stationary GPHE by about 43%. This 

is because the vibrated GPHE rise flow turbulence in the 

vicinity of the boundary layers and hence decrease its 

thickness. This causes a good enhancement in heat transfer, 

as pointed out by Benhamou [29].  

 

Fig. 5 Change of the coefficient 𝑪𝟏 and the index 𝑷 of 

the new Nusselt number correlation with the Reosc at 

constant value of A/De = 0.03. 

 

Fig. 6 Change of the coefficient 𝑪𝟏 and the index 𝑷 of 

the new Nusselt number correlation with the A/De at 

constant value of Reosc = 100. 

 

 

Fig. 7 Change of vibration amplitude and frequency 

with the grinding motor speed. 

 
Fig. 8 Effect of flow Reynolds number on the heat 

transfer coefficient enhancement ratio at different 

GPHE oscillation Reynolds number, Reosc. From 800 

to 1800 rpm. 
 

Fig. 9 shows the relation between heat transfer coefficient 

enhancement ratio and Reynolds number for Reynolds 

number oscillation (Reosc) with 2000 to 2800 rpm. In this 

period, as grinding motor speed increases, Reynolds 
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number oscillation decreases, and hence heat transfer 

enhancement ratio significantly decreases. This is because 

vibration amplitude is decreased as shown in Fig. 7. 

4.3. GPHE effectiveness enhancement with 

vibration. 

Fig. 10 illustrates the relation between flow Reynolds 

number and GPHE effectiveness enhancement ratio (ε/ε◦) 

at different values of oscillation Reynolds number. 

 

Fig. 9 Effect of flow Reynolds number on the heat 

transfer coefficient enhancement ratio at different 

GPHE oscillation Reynolds number, Reosc. From 2000 

to 2800 rpm. 

 

It is clear that the effectiveness enhancement ratio 

increases as Reynolds number increases. For a certain 

value of Reynolds number, the effectiveness enhancement 

ratio increases significantly as the oscillation Reynolds 

number increases, and the maximum effectiveness 

enhancement ratio is equal to 18%, which accomplishes at 

the higher Reosc=211.34. This is happened after the natural 

frequency (Resonance) occurs. This is because as the Reosc 

reaches its maximum value, the reinforced turbulence 

mixing of flow inside the vibrating PHE occurs. Also, this 

is due to the secondary flow that occurs in the transversal 

direction that result from the vertical vibration force. This 

causes convective currents across the PHE section, and 

induces a strong momentum transfer, that enhance the 

performance of the heat transfer. 

Fig. 11 shows the change of the overall heat transfer 

coefficient enhancement ratio with flow Reynolds number 

inside the channels of GPHE at different values of 

oscillation Reynolds number, for a specific value of heat 

capacity rate ratio equal 1.0. When Reynolds number 

increases (mass flow rate in channel increases), the overall 

heat transfer coefficient enhancement ratio (U/Uo) 

increases. 

 

Fig. 10 Variation of effectiveness enhancement ratio 

with Reynolds number, for different values of 

oscillation Reynolds number and CR=1.0. 

 

 

Fig. 11 Variation of overall heat transfer coefficient 

enhancement ratio with Reynolds number, for 

different values of oscillation Reynolds number and at 

CR=1.0. 

This is because as Reynolds number inside channel of 

GPHE increases, both hot and cold heat transfer 

coefficients (hh&hc) increase and hence overall heat 

transfer coefficient enhancement ratio increases also. At a 

certain value of Reynolds number, when the oscillation 

Reynolds number increases, especially when both the 

vibrational amplitude and frequency increases, the overall 

heat transfer enhancement ratio increases. The maximum 

enhancement in (U/Uo) is equal to 31%, and this maximum 

enhancement ratio in U is achieved when the vibrating 

PHE is after the natural frequency (Resonance) occurs at 

an oscillation Reynolds number equal to 211.34. This is 

because the flow reinforced turbulence mixing as the PHE 

vibration intensity increase. In addition, because the 

generated convective currents across the GPHE section, 

which arise from the secondary flow that occurs in the 

transversal direction result from the vertical vibration 

force. 
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5. Conclusions 
Experiments are performed with a commercial GPHE. The 

final conclusions from the present study can be 

summarized as follow: 

1- As a general trend, both heat transfer coefficient and 

PHE effectiveness are significantly increase as 

vibration intensity (represented by oscillation 

Reynolds number) increases.  

2- The maximum values of percentage enhancement for 

heat transfer coefficient, overall heat transfer 

coefficient and GPHE effectiveness are 43%, 31% and 

18%, respectively with comparison with the non-

vibrational case. These values have taken place after 

the resonance conditions at oscillation Reynolds 

number = 211.34 and A/De = 52.66*10-3. 

3- Below grinding motor speed of 1800 rpm (i.e. at 

Reosc= 211.34), both vibration frequency and vibration 

amplitude are directly proportional to GPHE heat 

transfer enhancement ratio. 

However, for higher grinding motor speed, vibration 

frequency is increased and both vibration amplitude 

and GPHE heat transfer enhancement ratio are 

decreased. 

4- New vibrational Nusselt number correlation as a 

function of Reynolds number, oscillation Reynolds 

number and dimensionless vibration amplitudeis is 

obtained with a relative error of 3.99 %. 

5- For stationary mode, the proposed correlations 

showed a good agreement with these found in the 

previous work. 

Nomenclature 

𝐴1 Effective heat transfer area, [m2] 

A, or 

S 
Vibration amplitude, [mm]. 

b 
Plate corrugation depth or mean channel 

spacing, [m]. 

Cp Specific heat at constant pressure, [J/kg. K]. 

C Mass capacitance rate, [W/K]. 

CR Heat capacity rate ratio, [dimensionless]. 

D Diameter, [m]. 

De Equivalent diameter of flow passages, [m]. 

G Channel mass velocity, [kg/m2.s]. 

h 
Convection heat transfer coefficient, [W/m2. 

K]. 

k Effective thermal conductivity, [W/m. K]. 

Lp Effective plate length, (m). 

Lw  Effective plate width, [m]. 

ṁ Mass flow rate, [kg/s]. 

𝑁𝑐𝑝 
Number of channels per pass as defined in equ. 

(9). 

𝑁𝑒𝑓𝑓  Number of all thermally effective plates 

𝑁𝑝 Number of flow passes on the given fluid side. 

𝑁𝑡 Total number of GPHE plates. 

𝑁𝑢 Nusselt number, [dimensionless]. 

𝑁𝑢𝑣𝑖𝑏 Vibrational Nusselt number, [dimensionless]. 

Pr Prandtl number, [dimensionless]. 

Q˙ Heat transfer rate, [W]. 

Re Reynolds number, [dimensionless]. 

Reosc Oscillation Reynolds number, [dimensionless]. 

t 
Temperature degree, [K or °C] or Plate 

thickness, [m]. 

ΔT Temperature difference, [K or °C]. 

U Overall heat transfer coefficient, [W/m2. K] 

U/Uo 
Overall heat transfer coefficient enhancement 

ratio, [dimensionless]. 

Subscripts 

av Average. 

h hot side 

C cold side 

i, o inlet /outlet 

e Equivalent. 

r, R Ratio, or results 

w or s Wall or surface. 

C.P Channel per pass. 

LMTD Logarithmic mean temperature difference 

osc Oscillation 

Greek symbols 

ω, or f Vibration frequency, [cps]. 

ɸ Surface enlargement factor, [dimensionless]. 

𝜺 Effectiveness, [dimensionless]. 

μ Dynamic viscosity, [Pa. s] or [N*S/m2]. 

𝜷 Plate corrugation angle, [̊degree]. 

ε/ε◦ 
Effectiveness enhancement ratio, 

[dimensionless]. 
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